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ABSTRACT 
Low heat flow has been previously reported in Minnesota (406 mW m-2) and the 
Superior Province of the Canadian Shield (42 ± 8 mW m
-2
). Low heat flow in Minnesota 
is due to heat flow measurements made in the mafic rocks of the Mid-Continent Rift 
System (MCRS) and attributed to the lack of correction for post-glacial climate 
fluctuations. Radioactivity is a critical heat flow component, particularly in Minnesota 
where all published heat flow sites are located within the MCRS, creating a bias in the 
data. The rift is a massive mafic intrusive complex that extends from Moho to the 
surface, and has characteristically low radioactive heat production. Therefore, there is a 
sampling problem where heat flow has not been measured in the granitic terranes in 
Minnesota. 
 Post-glacial climatic fluctuations affect temperature gradients in the upper two 
kilometers of the crust and are not consistently accounted for in previously published heat 
flow values. Thermal gradient measurements in Minnesota require re-analysis in order to 
account for the effects of recent climate change and by post-glacial warming affecting the 
calculations of heat flow by 25-40%. New heat flow measurements, and the sampling of 
over two-hundred rock samples, were obtained from cores and outcrops, for 
238
U, 
232
Th, 
and 
40
K concentrations and thermal conductivity in Minnesota. 
 Several lines of evidence show that steady state heat flow in the region has been 
underestimated by measurements in shallow boreholes, and geothermal potential in the 
xiii 
region is not too low for geothermal development. This study finds the average heat flow 
in Minnesota to be 44.1±6.6 mW m
-2
 after corrections for post-glacial warming 
 Newly acquired data from this study on heat flow, thermal conductivity, and 
radiogenic heat production allows for a re-assessment of the EGS resources at depths of 4 
to 10 kilometers for Minnesota. This reassessment determines that EGS resources are 
available at 6 km than previously at 8.5 kilometers. Total Enhanced Geothermal System 
(EGS) resources for Minnesota are 98,754 EJ or 18,409 of MWe at a 2% recovery factor. 
This amount of resources is three times larger than previous estimates by Tester et al. 
(2006). 
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CHAPTER I 
INTRODUCTION 
Motivation and Hypothesis 
 Geothermal power can be developed almost anywhere around the globe due to 
increasing technological developments from drilling and hydraulic fracturing. The 
growing demand for energy and control of CO2 emissions from fossil fuels motivates me 
to help create a more sustainable future. I hypothesize that heat flow is higher than 
previously reported in Minnesota and is similar to measurements made in the same 
Superior Province terranes of the Canadian Shield. Traditional borehole measurement 
techniques and measurements of radioactivity will determine heat flow and geothermal 
energy resources in Minnesota; which will test my hypothesis. If heat flow is similar to 
heat flow in other areas of the Shield, EGS resources will be found at shallower depths 
than previously determined.  
Geothermal Energy 
Geothermal energy has been utilized around the world for quite some time. Prince 
Piero Ginori Conti at Larderello, Tuscany, first developed the use of geothermal energy 
to generate electricity in 1904 (Fridleifsson, 2001). Today, geothermal resources have 
been identified all over the world and are utilized in many countries including the U.S. 
which produces 3,086 MWe or roughly 30% of the world’s total production (GEA, 
2010).  
2 
Researchers have been refining and determining the total heat flux of the Earth 
since Lord Kelvin in the 19
th
 Century. Recent estimates of 44.2 ±1 TW (1TW=1*10
12
 
Watts) was given by Pollack et al. (1993) based on approximately 20,000 heat flow data. 
Using the same data, Jaupart and Mareschal (2007) estimated the flux to be 46 ±3TW.  
Davies and Davies (2010) used an expanded database of 38,000+ data points and 
estimated the flux to be 47±1TW. These estimates represent a massive amount of natural 
energy that is lost into space.  
The primary medium for transporting energy from the subsurface for geothermal 
applications is hot fluid (water or steam). The hot fluids generate high-pressure vapor 
which can be used in a turbine to power electrical generators. Three different types of 
power plants, dry steam, flash steam, and binary, can utilize this energy to generate 
electricity (Figure 1). 
Dry steam plants are the most common, and use steam directly from a high 
temperature reservoir to turn the turbines. Flash steam utilizes hot water that has been 
brought from a high-pressure reservoir. The fluid is brought to the surface to a low 
pressure tank where some of the fluid flashes to steam. However, a majority of 
geothermal resources are not steam driven and have moderate temperature geothermal 
fluids (90-150C). Low temperature geothermal fluids  require binary power technology 
to generate electricity. The geothermal fluid transfers heat to an organic fluid (butane or 
isopentane) that flashes to gas that drives the turbine and generates electricity in a closed 
loop system.  Although all three plant types are different, they share similar concepts.  
 The concept of creating an Enhanced Geothermal System through the use of 
binary technology could develop moderate temperature geothermal resources that   
3 
 
 
 
Figure 1. Schematics of dry steam, flash steam, and binary power plant technology. 
(Source: Geothermal Technologies Program. 2011. US Department of Energy, Energy 
Efficiency and Renewable Energy. 10 Dec. 2011.) 
4 
seemed once unrecoverable. To create an EGS reservoir, deep, hot, crystalline bedrock is 
stimulated, i.e. fractured, to increase storage and hydraulic conductivity through a 
fracture network (Figure 2). The fracture network is contained to a certain volume of 
rock, where fluid circulates within the fractures to extract the heat from the newly 
developed reservoir. Fluid then circulates through a network of production and injection 
wells to maintain reservoir pressure and fluid volumes large enough to sustain electrical 
production on the megawatt (MW) scale. EGS in the U.S. could produce 100 gigawatts of 
electricity in the next 50 years with reasonable investments from independent developers 
and government funding for research and development (Tester et al., 2006).  
 EGS reservoir creation has been tested and demonstrated in many locations 
including the U.S., Europe, and Australia. Lack of funding in the past decade has 
hampered development domestically, and the transfer of technology to the geothermal 
research community has been limited. The most notable tests of EGS in the U.S. took 
place at Fenton Hill, NM in the 1970’s. Scientists at the Los Alamos National Laboratory 
borrowed technology from the oil and gas industry to develop a reservoir in hot dry rock 
at Fenton Hill. After several years of development scientists concluded that sustaining 
fluid production volumes, low pressures, and drilling costs hampers the 
commercialization of EGS (Tester et al., 2006). However, the pilot plant did demonstrate 
that EGS is feasible at rock depths between 3 and 5 km and could be implemented 
worldwide if technology improvements make it economical (Tester et al., 2006). Other 
accomplishments at Fenton Hill include connected fracture networks in large volumes of 
rock in excess of 2 km
3
, circulation of fluid in the fractured networks 
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Figure 2. Concepts of an EGS reservoir using crystalline basement rocks. (Source: 
Geothermal Technologies Program. 2011. US Department of Energy, Energy Efficiency 
and Renewable Energy. 10 Dec. 2011.) 
 
without large pressure losses at commercial rates, and power generation at the surface 
from the EGS reservoir (Tester et al., 2006). 
 Drawbacks and difficulties when developing EGS occur from engineering and 
environmental problems.  Induced seismicity affects the surrounding communities where 
EGS is developed; most notably the EGS demonstration project in Soultz, France. 
Eventually, induced seismicity was controlled by “soft” shut-ins to production and 
injection wells and resulted in smaller magnitude seismic events (Tester et al., 2006). The 
environmental impact caused by the induced seismicity is another issue.  Induced 
seismicity can cause deep brines to move through fractures and contaminate groundwater 
sources (Tester et al., 2006). If some of these negative impacts are better understood 
6 
through research and development, geothermal energy will prove to be more economical 
and competitive (Tester et al., 2006).   
Prior Research 
 Low heat flow and low subsurface temperature occur in Minnesota are partially 
due to the tectonic stability of the Canadian Shield. Depletion of radioactive elements by 
weathering and erosion of the crust, long since dissipated residual heat associated with 
2.2 Ga tectonogenesis, and low mantle heat flux, all affect heat flow (Vitorello & Pollack, 
1980). Few have tried to quantify the electrical geothermal resources available, because 
of low heat flow in Minnesota. The estimated EGS resources for Minnesota are presented 
in a 2006 report issued by MIT (Tester et al., 2006), and maps produced by the National 
Renewable Energy Lab (Figure 3). Both the MIT report and the NREL maps indicate 
geothermal development in Minnesota is unlikely due to low temperatures at 3-10 
kilometers with insignificant heat available for EGS production. 
 Tester et al., (2006), estimated that 35,789 Exajoules (1EJ = 10
18
 J), of geothermal 
energy is available in Minnesota. This is enough energy to produce 6,161 MWe of power 
at a 2% recovery factor. However the amount of energy is low compared to other areas of 
the U.S. The resource is also only available at depths 8.5 km and deeper, thus resulting in 
unfavorable economics and engineering problems withdrawing heat at depths lower than 
5 km (Tester et al., 2006).   
 New heat flow data acquired in this study is used to better understand the amount 
of geothermal resources in Minnesota. Previous heat flow measurements in Minnesota 
were made in shallow boreholes in the mafic Midcontinent Rift System (MCRS), which 
are low because they were measured in low radioactivity mafic rocks and have not been  
7 
 
Figure 3. EGS resources of the United States. (Source: This map was created by the 
National Renewable Energy Laboratory for the Department of Energy and used here, 
with permission.) 
 
corrected for post-glacial warming. Heat flow measured from conventional methods and 
heat flow estimated from radioactive heat generation was used to revise the estimate of 
the geothermal resource. 
Minnesota Geology 
 The subsurface geology plays an important role in heat transport throughout the 
Earth. This includes thermal conductivity and radiogenic heat production changes in the 
basement rocks. Heat flow will ideally be higher in granitic rocks than in basaltic rocks 
due to the difference in radioactive heat production in stable continental areas 
(Beardsmore & Cull, 2001); both of which are characteristically found throughout 
8 
Minnesota. Another factor affecting heat flow is the climate history; extensive episodes 
of glaciation in Minnesota during the Pleistocene affect the temperature gradient 
substantially near the surface. 
Minnesota lies within the Superior Province of the Canadian Shield and contains 
some of the oldest rocks on Earth. The exposed rocks contain information on various 
geological events spanning 3,500 million years. These events include the accretion of 
island arcs and micro-continents, mountain building, rifting, deposition, erosion and 
glaciation (Ojakangas, 2009; Figure 4). 
 
Figure 4. Geologic map of Minnesota. (Labels provided describe locations of mafic and 
felsic rock bodies.) 
9 
Subdivided by lithology, structure, metamorphism, and geophysical 
characteristics, many different subprovinces make up the Superior Province of the 
Canadian Shield (Figure 5). The Wawa-Abitibi, Wabigoon, and Quetico subprovinces are 
present in Minnesota and extend further into Canada. The Minnesota River Valley 
(MRV), a micro-continent composed of gneiss, is part of the same assemblage making up 
the Canadian Shield (Ojakangas, 2009). Although these terranes are different in the 
supracrustal rocks and plutonic rocks they contain, the east-west structural trends are 
similar due to the several orogenic events that occurred (Card, 1990).  
 
Figure 5. Locations and subdivisions of the Superior Province. (Source: Wyman and 
Kerrich (2009) with permission.) 
 The Wabigoon and Wawa-Abitibi subprovinces, 2,700 Ma in age, are composed 
of alternating greenstone belts with sedimentary sequences intruded by large granitoid 
10 
bodies located in northern Minnesota (Morey & Sims, 1976; Henry et al., 1998). Gravity 
and aeromagnetic maps show these subprovinces trend to the northeast as narrow 
curvilinear anomalies (Chandler, 1990). Exposed in some areas, these belts are 100 km 
wide and 900 km long east to west through Minnesota and Manitoba. The Wabigoon 
subprovince consists of greenstone belts, batholitic complexes, and plutons (Card, 1990).  
The plutonic batholitic complexes range from ultramafic and mafic to granitoid 
intrusions. The Wabigoon and Wawa-Abitibi subprovinces consist of two-thirds plutonic 
rocks and one-third supracrustal rocks, including greenstone belts unconformably 
overlain by alluvial and fluvial sediments (Card, 1990).   
 The Quetico subprovince is a metasedimentary belt with granitoid intrusions 
bounded by the Wabigoon to the north and Wawa-Abitibi to the south in Minnesota. This 
subprovince is composed primarily of low to medium grained metasediments with some 
gneissic rocks derived from wackes and siltstones (Card, 1990). Metasediments increase 
in metamorphic grade from greenschist facies at the margins to amphibolite facies near 
the axial regions (Perry et al., 2006). Structurally the Quetico subprovince is an 
accretionary prism that accreted onto the Wabigoon and was later compressed by the 
Wawa arc (Card, 1990). Approximately three-fourths of the subprovince consists of 
plutonic and gneissic rocks with the remaining fourth consisting of low to medium grade 
supracrustal rocks (Card, 1990). 
 South of the Wawa-Abitibi Subprovince is the MRV gneissic terrane, a volcano-
plutonic micro continent (Card, 1990). During the Penokean orogeny approximately 
1,880 Ma, the MRV was accreted to the Superior Province (Holm et al., 2007). These 
rocks consist mainly of an interlayered sequence of migmatic granitic gneiss, 
11 
amphibolitic gneiss, and pelitic gneiss, creating broad magnetic and gravity anomalies 
(Morey & Sims, 1976). The MRV has a synclinal and anticlinal structure with an 
eastward plunging axis (Morey & Sims, 1976). 
 After erosion exposed the granites that were formed during the Penokean 
orogeny, rifting began about 1,100 Ma (Holm et al., 2007). The arc-shaped rift extends 
from the lower peninsula of Michigan, up through Lake Superior, down through eastern 
Minnesota, and into Kansas (Figure 6). During this time, mafic magma rose to the surface 
forming basalts on the sea floor and covering the land with lava flows. Soon after, the 
Duluth Complex, composed of gabbros and other coarse grained igneous rocks, intruded 
the lava flows and crystallized beneath the surface.  
 After a violent Precambrian history, seas during Paleozoic rose depositing 
sandstones, limestones, and shales during six episodes of sea level rise (Mossler, 2008).  
Today, most of the Paleozoic section is eroded in the state, except in the southeastern 
portion and in some areas of the northwest. Another advancement of seas deposited 
sediment in northwestern Minnesota during the Jurassic and then again in the western 
part of the state during the Cretaceous.  Erosion during the Tertiary was followed by 
glaciation as the climate cooled. Four major glacial advances occurred between 1.8 Ma 
and 10 ka. These glacial advances covered the land with glacial till and created many 
characteristic depositional features (Ojakangas, 2009). 
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Figure 6. Geology and geographical extent of the Midcontinent Rift System through 
North America. (Source: Holm et al., (2007), with permission.) 
 
Heat Flow 
 Heat flow measurements help scientists understand geologic processes including 
subduction, rifting, volcanism, maturation of fossil fuels and mantle convection. 
Geophysical techniques combined with heat flow data help geologists better understand 
the thermal nature of the Earth. In this study, heat flow measurements are used to 
understand the thermal regime of tectonically stable areas such as the Canadian Shield 
and the possibilities of harnessing heat as a sustainable energy source through geothermal 
technology. 
 Surface heat flow can be expressed using Fourier’s Law of heat conduction and is 
determined by measurements of thermal conductivity and temperature in boreholes: 
13 
       (Eq. 1.1) 
where, q is heat flow (mW m
-2
), λ is thermal conductivity (W m-1 K-1), Γ is geothermal 
gradient (K/m).  This study uses a portable divided bar and traditional measurements 
made in boreholes to measure surface heat flow. Both techniques are described in the 
appropriate section below. 
 Most of the heat produced in the upper crust is attributed to the radioactive decay 
of 
238
U, 
232
Th, and 
40
K, naturally occurring in the Earth’s crust (Roy et al., 1968). Birch et 
al. (1968), observed an empirical linear relationship between surface heat flow and 
surface heat generation in plutonic rocks, 
           E  1    
where q is the surface heat flow (mW m
-2
), q0  (the intercept) is the heat flow from the 
mantle (mW m
-2
), b (the slope) is the thickness (km), and A is the radioactive heat 
production of plutonic rocks (W m-3). The heat flow – heat production (q-A) 
relationship above has helped in calculating reliable temperature depth profiles and in 
understanding the vertical distribution of heat sources (Roy et al., 1972).  
 Two different vertical distributions of radioactivity are consistent with the linear 
relationship of heat flow and heat production. First, heat generation (W m-3) in the crust 
exponentially decreases with depth in areas of varying erosion in order to satisfy the 
linear q-A relationship defined (Lachenbruch, 1970): 
      
  
  (Eq. 1.3) 
where z is depth (km), A0 is the measured surface heat production (W m
-3
), and b is the 
thickness of the radioactive layer (km). Second, radioactivity is constant to the depth 
given by the slope of the line (Roy et al., 1972). Evidence for constant heat production 
14 
exists over vertical ranges of 1 or 2 km (Roy et al., 1968). Third, decreasing radioactive 
heat production can be closely tied to lithology and follows a step-wise distribution 
(Arshavskaya et al., 1987). Unfortunately these simple trends do not exist in nature, and 
in reality are more complex due to magmatic activity, erosion, and fluid circulation. 
However, because the lower crust is more basic, trends would follow a decrease in depth, 
and vary from the different distribution models.  
Although different vertical distributions of radioactivity in the crust are proposed, 
large variations in mantle heat flow are more of an interest than the thickness of the 
radioactive layer (b) (Roy et al., 1968). The heat flow map of the US (Figure 7) shows 
variations in heat flow from east to west. The q-A relationship is different based on the 
changes of qo and b, creating heat flow provinces in the U.S. A heat flow province is 
defined by the relationship between heat flow and heat production where the tectono-
thermal history is somewhat similar (Blackwell, 1971). These provinces include the 
Basin and Range, Sierra Nevada, and Eastern United States. Mantle heat flow (qo), and 
the slope of the line relating Q and A is given in Table 1 for the three heat flow provinces 
in the U.S. (Roy et al. 1968).  
 The Eastern U.S. province contains 40% fewer heat flow measurements than the 
provinces west of the Great Plains (Gosnold, 1990). This difference is largely due to the 
extensive studies done in tectonically active areas where heat flow can differ laterally 
over short distances unlike the stable areas of the Eastern US. Heat flow in the Eastern 
US mainly is attributed to predictability caused by the variation of radioactive decay; 
thus, the Eastern U.S. is understudied compared to the Western US. 
  
15 
 
Figure 7. Heat flow map of the United States. (Source: Blackwell and Richards (2004), 
with permission.) 
Table 1. Heat Flow Provinces of the United States (Roy et al., 1968). 
 
   
Heat Flow Province Mantle Heat Flow (mW m
-2
) Thickness (km) 
   
Eastern U.S. 33.5   7.5  
Basin and Range 58.7   9.4  
Sierra Nevada 16.8    10 
 
 Roy et al. (1968) noted that heat flow measurements in an area require a spacing 
of measurements on the horizontal scale comparable with the dimensions of geological 
units or crustal thickness, “some tens of kilometers” to fully understand the heat flow of 
an area. Although these conditions would be ideal, temperature gradient measurements 
are made in wells of opportunity, including, water, oil and gas, or mineral exploration 
16 
wells. These well types tend to concentrate heat flow measurements in certain areas and 
can create a sampling bias.  
 Due to the lack of wells in Minnesota, alternative heat flow estimates were made 
using heat production measurements and the linear relation between heat flow and heat 
production. Kukkonen (1993) used this concept to determine heat flow in the 
Fennoscandian Shield. Kukkonen (1993) determined that this method is reasonable and is 
representative to the values made in traditional boreholes. This method will eliminate a 
sampling bias where only boreholes are present and provide a reasonable estimate of heat 
flow throughout the state.   
Previous Research of Heat Flow in Minnesota 
and the Canadian Shield 
 
 Prior to this study, there were only four heat flow measurements in Minnesota 
(Roy et al., 1968, 1972). One heat flow measurement, near Bemidji, MN, was made 
outside the MCRS (37 mW m
-2
), while the other three measurements were made in the 
MCRS near Ely, St. Paul, and Duluth, MN (Figure 7). Other research in the MCRS, 
includes 162 heat flow measurements using marine techniques in Lake Superior (Hart et 
al., 1994). Heat flow values in Minnesota (406 mW m-2). are low compared to the 
continental average, 70.9 mW m
-2
, and other Precambrian aged rocks, 50.5 mW m
-2 
(Davies & Davies, 2010). Low heat flow in Minnesota is most likely caused by the 
following: 1) Previous heat flow measurements were made in mafic rocks of the MCRS 
(mafic rocks tend to have low radiogenic heat production, unlike the granitic and gneissic 
rocks that make up much of the Canadian Shield); and 2) Post-glacial climate fluctuations 
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have affected temperature gradients up to 30% in the upper two kilometers of the crust. 
This climate change was not previously taken into account. 
 One of the previous measurements in Minnesota was made using traditional 
borehole techniques near Ely. The other three measurements were measured using 
oceanographic techniques on land in small lakes. Previously, other oceanographic 
techniques in large lakes, including Lake Superior by Hart and Steinhart (1965), proved 
to be more successful with little to no corrections needed due to the isothermal bottom 
water of the deep lake. Using the same techniques in small lakes usually has large and 
uncertain corrections. Roy et al. (1972) noted that using this method is still unproven, 
since there are no conventional measurements made near any of these locations. Allis and 
Garland (1979) used the same technique in the Canadian Shield and noted that the values 
are highly perturbed. These measurements by Allis and Garland (1979) were 
overcorrected and were systematically higher than traditional land techniques and should 
be deemed unreliable (Rolandone et al., 2003).  Consideration should be taken into 
account when using the previous values measured in the small lakes when investigating 
heat flow in Minnesota.  If the shallow lake measurements are disregarded, only one 
reliable heat flow site represents what is known on heat flow in Minnesota.  
 Little is known about heat flow variances on a subprovince scale in Minnesota, 
due to the lack of research and the uncertainty of the heat flow measurements made in the 
shallow lakes. Higher heat flow, compared to the current measurements in Minnesota, is 
present in the Wabigoon, Quetico, and Wawa Subprovinces of the Superior Province 
(Figure 8) measured in Ontario and Manitoba, Canada (Levy et al., 2010). Lithology and 
age of these subprovinces is similar as they extend into Minnesota. Heat flows for the  
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Figure 8. Heat flow measurements of the Canadian Shield with outlines of shield and 
provinces and other physiographic geologic regions in white. (Abbreviations are 
Sup=Superior, App=Appalachians, Gre=Grenville, THO=Tran-Hudson, Hearne=Hearne, 
H.B.=Hudson Bay, Will=Williston Basin, Rae=Rae). (Source: Mareschal and Jaupart 
(2004), with permission.) 
 
subprovinces are 40.3 mW m
-2
, 46.6 mW m
-2
 and 45.1 mW m
-2
 respectively (Perry et al., 
2006). Generally heat flow follows the systematic geology of each subprovince (Perry, 
2010). Thus, heat flow measured in the subprovinces would lead to a general assumption 
of similar heat flow in Minnesota.  
 Heat flow varies slightly throughout the Canadian Shield (Figure 8), and is 
attributed to changes in radioactive heat production due to changes in lithology in the 
different crustal rocks of the subprovinces (Perry et al., 2006). Compared to the Quetico 
metasedimentary belt, radioactive elements are depleted in the Wabigoon and Wawa-
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Abitibi (Perry, 2010). Plutonic rocks in the Wawa-Abitibi subprovince are large granitic 
batholiths and gneissic complexes (Card, 1990).  Characteristically, the Superior 
Province has high heat flow in the granitic intrusions and will tend to form positive 
anomalies with heat flow exceeding 50 mW m
-2 
(Perry et al., 2010). Heat flow will be 
higher in many of the plutonic bodies throughout the state due to the nature of higher heat 
generation in the granitic intrusions; however this may not represent  
 heat flow in the state. Radioactivity measurements in granitic plutons in Minnesota yield 
average heat generations of 2.17 ± .50 W m-3 for the Vermillion Massif, and 2.15 ± .58 
W m-3 for the Giants Range Batholith (Rye and Roy, 1978). High radioactivity also 
occurs in the metasedimentary belts and is common throughout the Canadian Shield 
(Perry et al., 2010). With an average radioactivity of 0.95 W m-3, heat flow averages 
46.5 mW m
-2
 in the Quetico (Perry et al., 2006). Radioactive heat production of the 
metasediments of the Quetico in Minnesota is an average of 0.90 W m-3 (Rogers et 
al.,1970), and would also yield similar heat flow values of measurements made in 
Ontario. Since mantle heat flow is fairly consistent and radioactivity is the controlling 
mechanism of heat flow variations in the Canadian Shield, heat flow should be greater in 
areas of high radioactive heat production in Minnesota. 
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CHAPTER II 
RESEARCH METHODS 
 The University of North Dakota Geothermal Lab (UNDGL) is equipped with a 
Canberra Germanium gamma spectrometer for analysis of uranium, thorium and 
potassium, two portable divided-bars for measurement of thermal conductivity and a 
thermistor temperature probe for temperature vs. depth measurements. Analysis of U, Th, 
and K standards provided by the Southern Methodist University geothermal laboratory 
showed that the UND system has a resolution of ± 3 % for heat production analyses. The 
divided-bars have a resolution of ± 5.0 %, and the temperature probe has a resolution of 
0.001 °C. Fifty-seven new measurements were used and compiled into thirty-one new 
heat flow sites. Additional data from 199 drill core and outcrop samples were analyzed 
for thermal conductivity and radioactivity (Figure 9).  
Temperature Gradient Measurements 
A list of 795 wells in the Minnesota County Well Index (CWI) was analyzed to 
determine suitability for temperature-depth measurements. Information was gathered 
from the CWI for the wells measured included location, depth, lithology, and static water 
level. Wells in Minnesota for temperature logging are difficult to find. Wells were either 
too shallow or inaccessible, which is typical in most heat flow studies. Wells available for 
temperature logging are wells of opportunity, and are rarely drilled for the sole purpose 
of making temperature gradient measurements. Fifty-seven new measurements were used 
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and compiled into thirty-one new heat flow sites. Forty-six measurements were made in 
Department of Natural Resources (DNR) water observation wells and eleven were made 
in exploratory mining wells (Figure 10). Only deep wells (>100m) were used in this 
study to avoid the effects of seasonal temperature disturbances and land use change.  
 
Figure 9. Locations of wells logged for temperature (blue) and rock collection sites 
measured for thermal conductivity and radioactivity (red).  
 Temperature measurements were logged at one and ten meter intervals using a 
temperature probe calibrated to .001oC. The temperature probe consists of a slim 
thermistor probe manufactured by Natural Progression Instruments, Dallas, TX. The 
thermistor is attached to a reel through a 4-conductor, shielded, stainless steel cable to an 
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Figure 10. A DNR well being sampled for temperature gradient measurements. (Pictured 
is the author (right) and James Crowell (left).) 
 
ohm-meter. An accuracy of 0.001 
o
C is achieved due to the fast thermal time constant of 
the probe. Thus, temperature measurements can be taken within ten seconds of reaching 
the desired depth.  
 Measurements were also recorded going down the borehole to minimize fluid 
circulation achieving better precision. Once the depth of measurement is reached the 
highest temperature is recorded achieving a positive gradient in most cases down the 
borehole. A linear trend line is then fit to the stable part of the profile, producing a 
gradient for use in calculating heat flow. Thermal Conductivity Measurements 
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 Traditionally, thermal conductivity measurements are made on cores of the well 
logged for temperatures. Core was available for the wells logged in mining exploratory 
wells, but not in the DNR observation wells, so a well log was provided for each DNR 
well from the CWI to determine the individual lithologies at different depth intervals. 
These well logs allowed an estimate of the conductivities based on the measurements of 
similar material. 
 Thermal conductivity was measured on Precambrian mafic, felsic and 
metamorphic rocks (Figure 11). Exactly, 199 rock samples were collected at various 
locations in Minnesota and analyzed for thermal conductivity. Rock samples were 
collected from outcrops or along road cuts in northern Minnesota. Drill core samples 
were also collected from various wells for analysis. Thermal conductivity measurements 
were made in the vertical direction using the two portable electronic divided bar (PEDB) 
apparatuses (Figure 12).  
 
Figure 11. Various sample shapes used to measure thermal conductivity in this study. 
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Figure 12. PEDB used for measuring thermal conductivity in the UNDGL. 
 Samples were prepared to a thickness of approximately twenty mm using a tile 
saw. Next, the sample’s surface was smoothed using a thin section machine. Smoothing 
improved contact between the rock surface and the brass plates that apply the heating and 
cooling sources (Figure 13). The samples were put under a vacuum for eight hours in a 
Precision Scientific Model 25 Vacuum Pump. After eight hours under a vacuum, water 
flooded the vacuum chamber for twelve hours to saturate the samples and fill the pores to 
approximate in-situ conditions. 
 Samples were measured using a digital caliper to determine the volume of the 
sample and coated with petroleum jelly before measurement in the PEDB, to allow for 
contact between the sample and the brass plates by filling in any irregularities at the 
surface. Next, the samples were hand-tightened between the brass plates. The samples 
were insulated to prevent any air circulation that could heat or cool the sample to help 
maintain a vertical heat flow. 
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Figure 13. A sample between the two brass plate sandwiches, applying steady thermal 
gradient for measurement of thermal conductivity. 
Thermal conductivity is determined by: 
=
 
 
   (Eq. 2.1) 
where: 
= thermal conductivity (W m-1 K-1) 
d= thickness of the sample in meters 
and, 
R = (A (T- c))/ (a (diameter + b))    (Eq. 2.2) 
a, b, and c are calibration constants 
A = surface area of sample in mm
2
 
T=(T2-T3)/((T1-T2)+(T3-T4)) 
where: T1,T2,T3, and T4 are temperatures of the brass plates measured by the 
thermocouples.  
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 The PEDB measures thermal conductivity by applying a steady thermal gradient 
across a rock sample between two “sandwiches” consisting of two brass plates and a 
polycarbonate layer in the middle. The top “sandwich” acts as a heating source. While the 
bottom sandwich acts as a cold sink, thus allowing for measurement of the thermal 
gradient across the sample. Thermocouples are imbedded into each of the four plates and 
temperatures are recorded in real time. Thermal conductivity is calculated by measuring 
the ratio of the thermal gradient across the sample relative to the thermal gradient across 
the polycarbonate. Equilibrium of the sample usually takes 5-15 minutes depending on 
the samples conductivity. To reduce error, a fused silica disk of known conductivity was 
run daily to maintain error within five percent.  
Radioactivity Measurements 
 Samples collected for thermal conductivity were also measured for radioactivity 
to determine radiogenic heat production and to facilitate calculating heat flow based on 
the q-A relationship. One-hundred-eighty six Precambrian mafic and felsic rock samples 
were gathered from road cuts, outcrops, quarries, and drill cores. Samples were then 
crushed to pea size particles and put into half liter size containers containing ~800 g of 
material for measurement (Figure 15). 
 Measurements were made using a Canberra gamma-ray spectrometer standard 
electrode germanium detector (Figure 14). The detector is housed in lead shielding to 
minimize noise from background gamma rays. The gamma ray spectra were analyzed by 
a Model DSA-1000 digital spectrum analyzer system. This analyzer uses 4,096 channels 
to process the gamma ray spectra from 3keV to 3MeV (Figure 16). Energy spectra 
measured from the decay of U, K, and Th,  are the elements of most interest and 
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contribute to natural radiogenic heat production within the Earth. Each element’s energy 
peaks were measured by counting the gamma ray events for each spectra in a 0.1 MeV 
wide window. The total number of counts over an hour time span was acquired to 
calculate concentrations for the radioactive elements using matrices acquired from known 
concentrations of standards.  
  
 
Figure 14. Canberra germanium detector housed in lead shielding. 
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Figure 15. Pint sized containers used to house the crushed rock sample to measure 
radioactivity. 
 
 
 
Figure 16. Screenshot of the digital spectrum from 40keV to >10MeV to determine 
concentrations of the radioactive elements. 
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 After the concentration of U, Th, and K was determined, radioactive heat 
production (A0) was calculated for each sample depending on the various concentrations 
of radioactive elements using the following equation (Beardsmore & Cull, 2001): 
Ai = (heat production per mass of i) * () * (proportion of i in rock) (Eq. 2.3) 
where,  is density and proportion of i in rock is measured in parts per million (ppm) for 
U and Th and percent (%) for K. The heat production per unit mass for each element is 
96.7*10
-6
, 26.3*10
-6
, and 3.5*10
-9
, for U, Th, and K, respectively. The heat generation 
factor is based on thermal energy released during radioactive decay. These results 
allowed for heat flow calculations at each individual sample location by calculating heat 
generation (A0), and applying the q-A linear relationship of the Canadian Shield. 
Calculating Temperatures and Geothermal Resources 
 Temperatures and geothermal resources were calculated using measurements 
from the previously described methods for depths 4-10 kilometers using the formulas 
developed by Beardsmore et al. (2010).  Heat flow, heat generation, sediment thickness, 
ambient temperature, and thermal conductivity were taken into account when estimating 
Minnesota’s EGS resources and temperatures at 3-10 km. 
 The following equation (Beardsmore et al., 2010) was used to calculate 
temperatures at 4-10 km depth, 
         (
   
  
)    (
   
   
)      (Eq. 2.4) 
where, Tz (˚C) is the temperature at depth z (m), Ts the temperature at the top of the 
Precambrian basement (˚C), qs the heat flow at the top of the Precambrian basement (mW 
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m
-2
), S the sediment thickness (m), λB the thermal conductivity of the Precambrian 
basement (W m
-1 
K
-1
), and AB the radiogenic heat production of the Precambrian 
basement (W m-3) (Beardsmore et al., 2010).   
 Temperature contour maps were used to determine available heat and power 
potential for temperatures >150˚C for a section of 1000 meter thick block of crust.  The 
available heat was calculated using the following equations (Beardsmore et al., 2010),  
                
        (Eq. 2.5) 
where, H is the available heat (exajoules; EJ),  the density (kg/m3), Cp the specific heat 
(J/(kg*˚C), Vc the volume of each grid cell (m
3
), Tz (˚C) the calculated temperature at 
depth z (m), and Tr the reference temperature (˚C).   
 Power potential in MWe for a one kilometer block volume of rock can then be 
calculated by the given equation 
                    
  (Eq. 2.6) 
where 9.46 X 10
8 
is based on the amount of seconds for the lifetime of power generation, 
and efficiency factor nth for different areas (see Beardsmore et al., 2010). 
 Golden Software’s Surfer 10 was used to generate maps using the Kriging 
gridding method. This gridding method gives good results to map temperature, available 
heat, power potential, sediment thickness, thermal conductivity, and radioactive heat 
generation. Surfer 10 was able to combine the grids using the equations above to 
calculate maps for temperature, available heat, and power potential by making the grids 
the same size.  
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CHAPTER III 
RESULTS AND DISCUSSION 
 Thirty-one new heat flow measurements have been acquired in this study, and 186 
heat flow values were calculated from radioactivity based on the q-A relationship 
(Appendix A). Prior to this study, heat flow in Minnesota was inadequately sampled due 
to the location of the measurements in the MCRS, as well as the uncertainty of the 
measurements made in shallow lakes by the original authors. All heat flow measurements 
in this study were also corrected for recent warming as well as warming since the retreat 
of the Laurentide ice sheet. Previous measurements made in Minnesota have not 
accounted for the signal and underestimate heat flow. Other measurements made in the 
Superior Province of Canada by Mareschal et al. (2000), Rolandone et al. (2002), 
Rolandone et al. (2003), and Perry et al. (2004), have corrected heat flow for post-glacial 
warming. Corrections applied to these measurements result in higher heat flow in 
comparison to those made in Minnesota. 
The Effect of Climate Changes on Heat Flow 
 Curvature occurs in temperature gradients measured near the surface creating a 
warming signal, i.e. noise. This noise arises from long-term temperature variations at the 
surface occurring from, but not limited to, recent warming and post-glacial warming. 
Both of these signals are of the most importance for determining heat flow in this study. 
The signal slowly diffuses and exponentially decreases in the ground depending on the 
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time span for the period of temperature variation. Fifty-three borehole measurements 
were used for heat flow calculations and were corrected appropriately for post-glacial 
disturbances affecting the upper 2000 meters of the crust, and recent warming in the 
upper one-hundred meters. New heat flow values would average 33.8 mW m
-2 
if well 
logs did not account for post-glacial warming effects. Thus resulting in heat flow 
considerably lower than the average of the Superior Province or of the previous 
measurements in Minnesota.  
Recent Warming Corrections 
 The global mean temperature has risen by 0.6
o
C over the past century, most likely 
caused by increases of CO2 emissions into our atmosphere (NRC, 2006). These 
temperature variations in the surface temperature history over centuries can be detected in 
boreholes over several hundreds of meters. Lachenbruch and Marshall (1986) determined 
that measurements near the surface is largest observed in permafrost near the Arctic. 
Through the analysis of 29 heat flow measurements in the upper-midwest, warming 
increases with latitude varying from 0.5 to 2.0
o
C from Kansas to Manitoba (Gosnold et 
al., 1996). This research suggests that this signal disturbs the gradient affecting heat flow 
measurements in shallow boreholes, especially in northern latitudes. 
 Most boreholes in this study were measured from the surface to depths between 
100-150 meters. Thus, recent warming has disturbed the temperature gradient measured. 
Making accurate calculations of heat flow from measurements in shallow boreholes can 
be difficult due to the disturbance. To model the disturbance to the geothermal gradient, a 
2-dimensional finite difference heat flow scheme was used. This model determined the 
effects that recent warming has on gradients in shallow boreholes measured. 
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Furthermore, this model has allowed for a correction to be implemented for the 
measurements. 
 Data used to determine the surface air temperature over the past century was 
gathered from the National Climatic Data Center. Minnesota has 9 different zones that 
have temperature data available. The signal in each zone extends down to 100 meters 
until it eventually disappears. This signal is controlled by the thermal diffusivity and the 
period and magnitude of the warming. Each zone experienced different amounts of 
warming (Figure 17). Warming in zones 2, 4, 5, 7, 8, and 9 is consistent with 0.4-.6
o
C of 
warming (Figure 18).  Zones 1 and 6 have the largest disturbance (>1
o
C), and zone 3 has 
almost no disturbance (<0.2
o
C).   
 
 
Figure 17. Climate divisions of Minnesota from the National Climatic Data Center. 
(Source: National Oceanic and Atmospheric Administration.) 
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Figure 18. Recent warming signal affecting temperature gradients for the nine different 
climate zones in Minnesota.  
 
Gosnold et al. (1996) showed that the climate signal in boreholes increases with 
latitude from 34N to 51N. However, this trend does not exist in Minnesota. Each zone is 
almost equally affected, except zone 3, to a depth of 50 meters. A trend line was fit to 
each zone to correct for the gradients measured in this study. Trend lines were best fit as 
a fourth order polynomial (Table 2). Temperatures then had the recent warming signal 
subtracted out using the equations in Table 2 according to the zone and depth the 
temperature was measured. Although the best fit is a fourth order polynomial the 
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equation should not be extrapolated past a depth of 150 meters for use in deeper 
boreholes. 
Table 2. Equations Used for Zones 1-9 in Minnesota to Correct for Recent Warming. 
Where x is Depth (m) and y is the Temperature (
o
C) to be Subtracted From the Original 
Temperature Measurement. 
 
Zone # 
 
 
Equation 
  
 
Zone 1 
 
y = 1.01694E-09x
4
 - 8.03399E-07x
3
 + 0.000228828x
2
 - 
0.027688169x + 1.195375288  
Zone 2 y = 4.43774E-10x
4
 - 3.69464E-07x
3
 + 0.000109604x
2
 - 
0.013488432x + 0.563397016  
Zone 3 y = 2.7732E-10x
4
 - 1.97688E-07x
3
 + 4.84805E-05x
2
 - 
0.004598673x + 0.121622626 
Zone 4 y = 6.83062E-10x
4
 - 5.3414E-07x
3
 + 0.000151935x
2
 - 
0.018693537x + 0.848899621  
Zone 5 y = 5.6389E-10x
4
 - 4.61136E-07x
3
 + 0.00013658x
2
 - 
0.017271376x + 0.783039788  
Zone 6 y = 1.69676E-09x
4
 - 1.24684E-06x
3
 + 0.000324731x
2
 - 
0.035094092x + 1.308978098 
Zone 7 y = 5.52247E-10x
4
 - 4.25084E-07x
3
 + 0.000119315x
2
 - 
0.014610041x + 0.673520296 
Zone 8 y = 4.08449E-10x
4
 - 3.23386E-07x
3
 + 9.44157E-05x
2
 - 
0.012198311x + 0.601668418 
Zone 9 y = 7.37181E-10x
4
 - 5.70196E-07x
3
 + 0.000159887x
2
 - 
0.019309409x + 0.856777102 
 
Post-Glacial Warming Correction 
 Low heat flow in Minnesota is attributed to the measurements made in low 
radioactive areas of the MCRS. Another reason heat flow measurements are low is 
attributed to the disturbance of the gradients caused by warming since the last glacial 
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maximum. Previous measurements made in shallow lakes are highly disturbed by post-
glacial warming. Not accounting for the disturbance underestimates heat flow in the 
region.  
 Hotchkiss and Ingersoll (1934) noticed that gradients have a curvature linking it 
to changes in warming since the retreat of the glacier. However, Birch (1948) concluded 
that gradients disturbed by climatic warming effects is minimal and most likely occurs 
from other disturbances unrelated to climate. Jessop (1971) later determined that the 
signal is large and a correction is needed for areas affected by glaciation in the Canadian 
Shield where the gradient is affected by ten percent in southern Canada. Although 
glaciated areas are of initial concern, non-glaciated areas are open to just as much 
speculation for correction (Jessop, 1971). If non-glaciated areas are affected, a large 
number of heat flow measurements, especially those from shallow boreholes in northern 
latitudes, may have to account for such a correction.   
 Temperatures at the base of the ice sheet that once covered North America can be 
variable depending on the accumulation of snow, flow of ice, and geothermal heat flux 
(Rolandone et al., 2003). Jessop’s (1971) correction accounted for glacial-interglacial 
temperatures over the past 400 ka and assumed the base of the glacier is near the pressure 
point of melting (-1
o
C). The ground surface temperature history measured in deep 
boreholes at Flin Flon, Canada, was interpreted to indicate that temperatures did not fall 
much below 0 C during the LGM (Rolandone et al., 2003). However, temperatures at 
the base of the ice sheet near the margins were -4 to -6 C measured from a deep borehole 
in Quebec (Mareschal et al, 1999) and from other temperature profiles measured in 
Ontario (Nielsen & Beck, 1989). Minnesota may have experienced similar temperatures 
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to these Canadian Provinces since it is located near the margins of the Laurentide Ice 
Sheet’s advancements.  
 The correction developed by Jessop (1971) applies an adjustment at the surface 
and is not depth dependent. The amplitude of the signal decreases exponentially into the 
surface at different rates depending on diffusivity and conductivity of the rock. Many 
heat flow measurements are made at different depths throughout North America, and are 
affected by the signal differently. The calculation developed in this study is a depth 
dependent calculation similar to the one developed by Majorowicz and Wybraniec 
(2010). Equation 3.1 developed by Carslaw and Jaeger (1959) and a finite difference 
modeling software were used to determine the temperature variations and the effect they 
propagate into the ground.  
          
 
√   
             (Eq. 3.1) 
where T (C
o
) is the departure from original equilibrium temperature at depth z (m), T0 is 
the change in surface temperature (C
o
) ,  is thermal diffusivity (m2/s), erfc (x) is the 
complimentary error function, and t is time (years).   
 Annually, Minnesota has an average ambient air temperature of 6-8
o
C (National 
Oceanic and Atmospheric Administration). Temperatures at the base of the ice sheet are 
variable as discussed above. If the temperatures at the base of the ice sheet covering 
Minnesota was -1
o
C, a warming of 7-10
o
C has occurred. More than likely, temperatures 
may have been similar to Ontario and Quebec, where temperatures at the base of the ice 
sheet are -6 to -4
o
C, indicating a warming of 13-15
o
C since the retreat of the LGM. This 
warming of 15C is also inferred in a deep borehole measurement made in North Dakota 
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through the Pierre Shale (Gosnold et al., 2005); temperature history was recorded by 
pollen analyses in Manitoba (Ritchie, 1983; Figure 19), and by recent modeling of the 
surface temperature during the Pleistocene (Ganopolski et al., 1997; Schneider von 
Deimling et al., 2006).    
 
 
Figure 19. Pollen analysis showing temperature changes over the past 12,000 years. 
(Source: Gosnold et al. (2011) modified from Ritchie (1983), with permission.) 
 
 The calculation used to correct boreholes measured in this study is a depth 
dependent calculation similar to the one developed by Majorowicz and Wybraniec 
(2010). Carslaw and Jaeger (1959) developed an equation to model surface temperature 
variations and the affect they have on the near surface temperature gradient as it 
propagates into the ground. Lachenbruch and Marshall (1986), used the error function 
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solution to the heat flow equation to model warming scenarios. Modeling these warming 
scenarios can provide an estimate to the magnitude of change to the geothermal gradient.  
 A T0 of 15
o
C and time interval of 12 ka was used to model the effects of the post-
glacial warming. Seen in Figure 21, the temperature gradient is highly disturbed at the 
surface and is easily misinterpreted or unseen if measured in shallow boreholes. Warming 
has disturbed the gradient by 40% at the surface and slowly diffuses to a depth of 2000 
meters (Figure 20). Equation 3.2 is a result of a line of best fit to the correction curve in 
Figure 21:  
y = -4E-23x
6
 + 8E-19x
5
 - 3E-15x
4
 - 2E-11x
3
 + 2E-07x
2
 - 0.0005x + 0.4173         (Eq. 3.2) 
where x is depth (m) and y is the percent correction applied to the heat flow 
measurement. Corrections should not be extrapolated past 2000 meters because the 
equation is a sixth order polynomial fit. 
 Wells logged in this study were corrected depending on the depth of the heat flow 
measurement recorded.  Heat flow measurements exceeded one-hundred meters in all 
wells, but were less than 400 meters. Because depths of measurement were shallow, 
corrections between 30-35% were applied to the gradient.  
Assessment of Heat Flow Data 
 Previously, heat flow reported for Minnesota was 406 mW m-2 from four heat 
flow measurements. Thirty-one newly acquired heat flow measurements from this study 
average is 44.1±6.6 mW m
-2
 (Table 3). This is higher than the previous measurements 
and is similar to heat flow in the rest of the Superior Province. However, the difference is 
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Figure 20. The effect of post-glacial warming on the temperature gradient.  
 
not statistically significant and one would not reject the hypothesis that the means are 
equal. There are areas within Minnesota where high heat flows of 50 to 60 mW m
-2 
occur 
in the gneissic and granitic areas of Minnesota due to high radioactive heat production. 
These high heat flow areas have potential for EGS development at a depth of 6 km. Heat 
flow is lowest in the MCRS where heat flow is less than 40 mW m
-2
.  
 A majority of the traditional heat flow observations from this study were made in 
DNR water observation wells in southern Minnesota. Measurements were made in upper 
sediments not penetrating the Precambrian basement rock. Other wells included PolyMet 
mining wells that penetrate mafic Precambrian bedrock in the MCRS in northeastern 
Minnesota. Core samples from the Polymet wells were found to have an average thermal 
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conductivity of 2.25 W/(m*K). Core was unavailable for thermal conductivity 
measurements made in DNR wells, however these wells had well log where the 
temperature measurements were conducted. Extensive studies on clastic rocks and 
sediment types allowed for the conductivity of these wells to be predicted based on the 
well log provided (Beardsmore & Cull, 2001; Gosnold et al., 2010). Wells measured in 
this study had temperature measurements in interbedded sandstone and shale units with 
predicted thermal conductivity values of 3.5 and 1.2 W/(m*K) respectively, based on the 
research of Gosnold et al. (2010). Altogether, both types of wells were found to have 
stable gradients and allowed for reliable heat flow calculations.  
 Deep wells accessible for temperature measurements are rare and can be difficult 
to find. A majority of the heat flow observation sites from this study are in the southern 
end of the state and in mineral exploratory wells in the northeast; therefore if heat flow is 
calculated on traditional observations alone, a sampling bias would occur leaving the rest 
of the state un-sampled.  
 To address this problem, heat flow was also calculated from radioactivity based 
on the q-A relationship for sites in northern Minnesota.  Heat flow changes usually 
coincide with the lithology of the basement rock in the Canadian Shield (Perry et 
al., 2010). Assuming the relative radioactive heat production for felsic and mafic rocks, a 
realistic interpretation of heat flow can be determined mapping the basement rocks using 
gravity and magnetic data (Blackwell et al., 2010). Generally high heat flow occurs in the 
large negative anomalies (felsic rocks) and low heat flow occurs in large positive 
anomalies (mafic rocks) (Figure 21). Heat flow calculated on the q-A relationship cannot  
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Figure 21. Combined gravity and magnetic map of Minnesota.  
 
wholly substitute for traditional heat flow measurements, but provides reasonable data 
where temperature gradient data does not exist (Kukkonen, 1993).  
 The Superior Province of the Canadian Shield has a remarkable linear q-A 
relationship with an intercept of 33 mW m
-2 
(Levy et al., 2010; Figure 22). This intercept 
is very similar to the same intercept of the eastern U.S. However, the thickness of the 
radioactive layer for the Eastern U.S., 7.5 km (Roy et al., 1968), is thinner than the 
thicker crust of the Canadian Shield, 9.1 km, (Perry et al., 2006) allowing for higher 
crustal heat production.  
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Figure 22. q-A relationship of the Canadian Shield showing the different geologic 
provinces. (Modified from Perry et al., 2006). 
 
 Radioactivity measurements for calculating heat flow is a concept that was used 
by Kukkonen (1993) while studying heat flow of the Fennoscandian Shield. Heat flow 
values were calculated based on radiogenic heat production from the concentrations of U, 
K, and Th. Heat flow calculated in Minnesota based on the q-A relationship uses an 
intercept value of 33 mW m
-2 
and a thickness of 9.1 km for the radioactive layer.  
 Radioactive elements seem to be depleted in a majority of the rocks measured in 
this study (Figure 23), resulting in low heat flow values. Low radioactivity is most likely 
caused by the age of the rocks and the crustal formation and stabilization process of the 
Canadian Shield (Perry et al., 2005); however, some of the granites and gneissic rocks  
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Figure 23. Histogram of the radioactive heat production throughout Minnesota. 
 
have a total heat generation >3 W m-3, resulting in heat flows ranging from 50-60 mW 
m
-2
 (Appendix A). Two locations from rocks analyzed in this study had a radioactive heat 
production of 7-12 W m-3 with calculated heat flow values exceeding 100 mW m-2. 
These extremely high values are most likely not characteristic of the area, with multiple 
measurements made near them having significantly lower heat production values.  
 This study was able to acquire three background heat flow measurements to 
determine the accuracy of the q0 used to calculate heat flow based on the q-A 
relationship. Wells, RT22, DM003, and DM116 had the radioactive heat production 
component subtracted out to produce mantle heat flow values (q0). The average q0 of 
these measurements is 34 ± 5.8 mW m
-2
. Similar to the intercept found by Levy et al.  
(2010), these values fall within reasonable range of the q-A relationship of the Canadian 
Shield (Figure 24). If these values were left uncorrected for the effects of recent and post-
glacial warming it would be substantially lower and q0 would average 25.42±6.6 m 
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Figure 24. q-A relationship of the Canadian Shield showing the different geologic 
provinces and wells RT22, DM-003, and DM-116. 
 
W m
-2
. This average gives further evidence that heat flow values need to be corrected for 
the effects of post-glacial warming in shallow boreholes. 
 Heat flow in Minnesota varies between the different geologic terranes, on a 
subprovince scale. Heat flow values were plotted on rough outlines of each subprovince 
to see these differences (Figure 25). The Wawa-Abitibi, Wabigoon, and Quetico have 
heat flow values of 39.46.0 mW m-2 , 38.34.6 mW m-2, and 43.7.85.2 mW m-2, 
respectively and are similar to those measurements made in the same subprovinces in 
Canada. Heat flow for the MCRS and Minnesota River Valley gneiss are 36.82.6 mW  
m
-2
 and 46.17.63 mW m-2, respectively, and exhibit similar heat flow values to the other 
subprovinces.  
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Figure 25. Heat flow measurements located on general outlines of the Wabigoon, Wawa-
Abitibi, Quetico, MRV, and Midcontinent Rift System. 
 
 The Quetico and MRV terranes exhibit high heat flow values than other terranes 
in Minnesota. Both the Quetico and MRV have a higher heat generation than the 
Wabigoon and Wawa-Abitibi terranes resulting in heat flow changes on a subprovince 
scale based on changes in radioactivity, similar to the rest of the Canadian Shield. The 
MCRS has significantly low heat flow resulting from low radioactive heat production 
from the mafic rocks as hypothesized.  
 Although no other studies have analyzed heat flow in the MRV, it is very similar 
to the rest of the shield. Radioactive elements seem to be depleted, but slightly higher  
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than the rest of the subprovinces. Thus, heat flow in the MRV is slightly higher and 
exceeds 50 mW m
-2
, based on the calculated radioactivity. These areas have the highest 
geothermal potential and may need further investigation using traditional techniques from 
future studies. 
 A new heat flow map (Figure 26) was constructed from 217 data points using 
both traditional borehole heat flow observations and heat flow calculated from 
radioactivity based on the concepts of the q-A relationship. Previous published maps used 
only 4 heat flow sites and regional data (Figure 7). The previous published maps were 
then used in calculating the EGS resources. Since heat flow is the driving parameter for 
temperature calculations at 3-10 km, the newly acquired heat flow data allows for a more 
detailed assessment of EGS resources in Minnesota than previous estimates. 
 Due to gradually acquiring data, the heat flow map in this study has undergone 
multiple changes. First attempts utilized only heat flow observations made in the first 
year of this study. This included heat flow measurements from the mining exploratory 
wells and from six heat flow sites made in the DNR observation wells. After acquiring 
more data from the 186 measurements made on crushed rock samples from the gamma-
ray spectrometer, a third map was created along with the final data set of 31 heat flow 
sites.  
 High heat generation occurs in some rock samples creating anomalies in certain 
areas. Anomalous radioactivity data was removed, as it most likely did not represent the 
geologic body entirely. The remaining data were then posted onto the geologic map of 
Minnesota (Figure 27). Data points covered the state almost uniformly representing 
various lithologies including gneiss, MCRS mafic rocks, granitic plutons, metasediments,  
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Figure 26. New heat flow map of Minnesota. Traditional heat flow measurements 
(diamonds) and calculated heat flow measurements (dots) based on the q-A relationship 
were used in making the map. 
 
and greenstone belts. Data points measured in the geologic terrane it represented were 
then averaged over the geologic body regionally. This eliminated high heat flow changes 
over short distances measured from radioactivity allowing for an accurate interpretation 
of heat flow in Minnesota.  
Temperatures at Depth and Electrical Geothermal 
Power Resources of Minnesota 
 
 Temperature maps were created at one-kilometer depth intervals from 4-10 km 
(Appendix B) using Eq 2.4. The results of the temperature maps are a reflection of the  
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Figure 27. Heat flow locations on the geologic map of Minnesota. 
 
newly acquired heat flow data and thermal conductivity data, which are essential factors 
when calculating temperatures at depth. Newly acquired heat flow data and thermal 
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conductivity data have raised the depth at which one could develop EGS resources to 6 
kilometers, from the previous estimates at 8.5 km (Tester et al., 2006). 
Conductivity measurements were made in the UNDGL from core and outcrop 
samples in order to understand the conductive nature of the Precambrian basement rock 
and average 2.47 ± .47 W/(m*K) (Appendix A). Low conductivity, 1.5-2.3 W/(m*K), is 
present in the MCRS due to the dominance of mafic rocks. Outside the rift, the granitic 
and gneissic bedrock have higher conductivities, 2.3-3.4 W/(m*K).  
Thermal conductivity was analyzed at the top of the Precambrian basement to 
extrapolate temperatures to 4-10 kilometer depths. The average thermal conductivity 
measured in this study is assumed to stay constant to a depth of 10 kilometers. Other 
variables affecting the calculation of temperatures to depths of 4-10 kilometers include 
sediment thickness (Appendix B) and radioactivity of the sedimentary layer. Sediment 
thickness in Minnesota is thin. It primarily consists of glacial till except in areas where 
Paleozoic sandstones filled in the failed MCRS in the southeast part of the state. 
However, this thin overburden has a minimal effect on the calculation of the 
temperatures. Radioactivity of the sediment layer is low, typically <1.0 W m-3 
(Beardsmore & Cull, 2001) and also has a minimal effect in calculating temperatures at 
depth. 
Equation 2.5 was used to calculate available heat (given in exajoules, 1EJ=10
18
 J) 
and power potential (MWe). The temperatures used in these calculations are >150 C, 
which is the minimum temperature needed to economically produce electricity for EGS 
(Tester et al., 2006). As a result from the temperature maps, the available heat and power 
potential (Figure 28) is over three times larger than previously assessed by Tester et al., 
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(2006). That is 98,754 EJ or 18,409 MWe are available at depths greater than 6 km 
(assuming a 2% recovering factor) compared to the previous assessments of 6,161 MWe 
at depths >8.5 km. Minnesota is now similar in resources to other eastern U.S. states and 
is no longer the least favorable for future development for EGS. 
 Although an abundant amount of resources for geothermal electrical power is 
available, the depth to the 150C isotherm is still deep. High heat flow in the gneissic 
rocks of the MRV and granites of the Giants Range Batholith and Vermillion Massif 
indicate that these areas host the most potential for geothermal development in 
Minnesota. Further investigations of the MRV using both traditional heat flow 
observations could further quantify this resource and determine if heat flow may be 
higher in some areas of the MRV. 
 
Figure 28. Energy available and power potential at varying depths in Minnesota.  
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Conclusions 
 The hypothesis stated in this thesis was tested using traditional heat flow 
techniques at 31 sites and from 187 calculations based on the q-A relationship. The new 
heat flow determinations support the hypothesis that heat flow is higher than previously 
reported in Minnesota and is similar to measurements made in the same Superior 
Province terranes of the Canadian Shield. New measurements have raised the mean heat 
flow from 40 ±6 mW m-2 to 44.1±6  mW m-2. Although this is not statistically 
significant, high heat flow exceeds 50 mW m
-2
 in areas of Minnesota. This results in 
higher EGS resources. Total EGS resources for Minnesota are 98,754 EJ or 18,409 of 
MWe at a 2% recovery factor. This amount of resources is three times larger than 
previous estimates by Tester et al. (2006). 
 This study has also determined that research in the Canadian Shield and in areas 
affected by the Pleistocene glaciation should account for the warming since the retreat of 
the glaciers and correct heat flow measurements. If gone uncorrected, heat flow in 
Minnesota would average 20-25 mW m
-2
, 20-40% less than the rest of the Canadian 
Shield. After correcting for the post-glacial warming signal at the three reduced heat flow 
sites, I find that the mantle contribution is 34 mW m
-2
 which is similar to other 
measurements made in the Canadian Shield. 
 Further research is needed to better understand the extent of warming since the 
retreat of the glaciers has affected the gradient. There are no deep boreholes to measure 
this signal in Minnesota. Although this study inferred the warming to be 15
o
C, the 
warming could be greater or lesser in certain areas. Additional research should also be 
conducted near heat flow measurements based on radioactivity. Few boreholes exist in 
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the northwest part of Minnesota, and no traditional measurements were made. Heat flow 
in the northwest may be higher, but currently rely solely on the measurements of 
radioactive heat generation. 
 Future development of EGS may be possible in Minnesota. However, more  heat 
flow research should be conducted in the MRV gneiss, Giants Range Batholith, and 
Vermillion Massif. These areas are the best EGS prospects for higher temperatures in 
Minnesota with 150
o
C temperatures at depths of 7 km. 
 
 APPENDICES 
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Appendix A Thermal Conductivity and Radioactivity Data (2 sections) 
(Columns 1-7) 
 Sample_Number Type Drill_Hole Latitude Longitude 
Depth 
From 
Depth 
To 
1 1985-14 180.5-181.5 Drill Hole 1985-14 45.78 -94.70 180.5 181.5 
2 1985-2 288.5-290 Drill Hole 1985-2 46.57 -94.63 288.5 290 
3 1985-3 473-474 Drill Hole 1985-3 46.52 -95.00 473 474 
4 1985-4 330-331.5 Drill Hole 1985-4 46.49 -95.07 330 331.5 
5 1985-5 262.5-263.5 Drill Hole 1985-5 46.18 -95.07 262.5 263.5 
6 1985-8 179.5-180.5 Drill Hole 1985-8 46.02 -95.28 179.5 180.5 
7 1985-9 303.5-305 Drill Hole 1985-9 45.94 -95.21 303.5 305 
8 1986-11 287-288 Drill Hole 1986-11 48.61 -94.65 287 288 
9 1986-16 307.5-308.5 Drill Hole 1986-16 48.63 -94.95 307.5 308.5 
10 1986-20 178-178.5 Drill Hole 1986-20 48.72 -95.13 178 178.5 
11 1986-2A 144-144.6 Drill Hole 1986-2A 48.48 -94.23 144 144.6 
12 27004 283-286 Drill Hole 27004 45.52 -95.99 283 286 
13 27005 221-224 Drill Hole 27005 45.62 -95.91 221 224 
14 27007 309-311.5 Drill Hole 27007 45.24 -96.12 309 311.5 
15 27008 378-381 Drill Hole 27008 45.41 -95.72 378 381 
16 27009 220-223 Drill Hole 27009 45.53 -95.58 220 223 
17 27011 436-434 Drill Hole 27011 45.50 -94.57 436 434 
18 97-3 365-367 Drill Hole 97-3 46.36 -93.75 365 367 
19 AB-10 90-92 Drill Hole AB-10 46.33 -93.14 90 92 
20 BB-11 284-28 Drill Hole BB-11 47.90 -94.37 284 28 
21 BB-3 152-156 Drill Hole BB-3 47.87 -94.25 152 156 
22 BB-6 208-210 Drill Hole BB-6 47.94 -94.18 208 210 
23 BB-8 221-227 Drill Hole BB-8 47.92 -94.19 221 227 
24 BKU-81-1 800-803 Drill Hole BKU-81-1 45.04 -94.54 800 803 
25 BO-1 1550-1553 Drill Hole BO-1 43.53 -91.78 1550 1553 
26 BR-2 152-156.5 Drill Hole BR-2 47.99 -93.75 152 156.5 
27 BR-4 185-192 Drill Hole BR-4 47.97 -93.77 185 192 
28 CB-12 302-306 Drill Hole CB-12 47.84 -94.32 302 306 
29 CB-13 20-23 Drill Hole CB-13 47.78 -94.31 20 23 
60 
30 CB-14 400-404 Drill Hole CB-14 47.82 -94.30 400 404 
31 CC-14 518-519 Drill Hole CC-14 45.95 -95.02 518 519 
32 CC-22 223-224.2 Drill Hole CC-22 46.22 -95.00 223 224.2 
33 CC-32 120.5-122.2 Drill Hole CC-32 46.37 -95.18 120.5 122.2 
34 CD-17 31-33 Drill Hole CD-17 47.81 -92.80 31 33 
35 CD-7 79-81 Drill Hole CD-7 47.77 -93.02 79 81 
36 CS-1 110-111 Drill Hole CS-1 45.45 -94.50 110 111 
37 EC-1 158-159.2 Drill Hole EC-1 45.75 -94.12 158 159.2 
38 EC-13 60-61 Drill Hole EC-13 45.71 -93.65 60 61 
39 EC-2 131.5-132.5 Drill Hole EC-2 45.75 -94.12 131.5 132.5 
40 EC-25 130-131 Drill Hole EC-25 45.60 -93.77 130 131 
41 EC-26 124.5-125.5 Drill Hole EC-26 45.56 -93.77 124.5 125.5 
42 EC-27 145-146.5 Drill Hole EC-27 45.53 -93.66 145 146.5 
43 EC-3 229.5-230.5 Drill Hole EC-3 45.82 -93.97 229.5 230.5 
44 EC-31 204.5-206 Drill Hole EC-31 45.48 -93.94 204.5 206 
45 EC-34 144-145 Drill Hole EC-34 45.44 -93.93 144 145 
46 EC-35 205.5-206.5 Drill Hole EC-35 45.45 -94.01 205.5 206.5 
47 EC-4 78-79 Drill Hole EC-4 45.96 -93.85 78 79 
48 EC-5 161-162 Drill Hole EC-5 45.92 -93.92 161 162 
49 EC-6 50-52 Drill Hole EC-6 46.00 -93.84 50 52 
50 EC-8 34-35 Drill Hole EC-8 45.88 -93.51 34 35 
51 G10-001 Outcrop Outcrop 44.92 -95.70 0 0 
52 G10-002 Outcrop Outcrop 44.80 -95.55 0 0 
53 G10-003 Outcrop Outcrop 44.69 -95.34 0 0 
54 G10-004 Outcrop Outcrop 44.69 -95.34 0 0 
55 G10-005 Outcrop Outcrop 44.66 -95.32 0 0 
56 G10-006 Outcrop Outcrop 44.66 -95.23 0 0 
57 G10-007 Outcrop Outcrop 44.58 -95.09 0 0 
58 G10-008 Outcrop Outcrop 44.55 -94.99 0 0 
59 G10-009 Outcrop Outcrop 45.55 -94.24 0 0 
60 G10-010 Outcrop Outcrop 45.54 -94.13 0 0 
61 G10-011 Outcrop Outcrop 45.45 -94.43 0 0 
62 G10-012 Outcrop Outcrop 45.66 -94.19 0 0 
63 G10-013 Outcrop Outcrop 46.01 -94.21 0 0 
61 
64 G10-014 Outcrop Outcrop 46.01 -93.68 0 0 
65 G10-015 Outcrop Outcrop 46.05 -93.28 0 0 
66 G10-016 Outcrop Outcrop 46.23 -93.31 0 0 
67 GRG-1 Outcrop Outcrop 47.58 -92.54 0 0 
68 GRG-2 Outcrop Outcrop 47.70 -92.65 0 0 
69 GRG-3 Outcrop Outcrop 47.70 -92.65 0 0 
70 GRG-LTV Outcrop Outcrop 47.60 -92.14 0 0 
71 HB-87-4 723-727 Drill Hole HB-87-4 47.10 -95.35 723 727 
72 HS-1-88 492.3-493.5 Drill Hole HS-1-88 46.44 -95.45 492.3 493.5 
73 HS-1-88 494.5-495.5 Drill Hole HS-1-88 46.44 -95.45 494.5 495.5 
74 ID-1 Outcrop Outcrop 47.70 -92.63 0 0 
75 J-1 470-472 Drill Hole J-1 48.89 -95.76 470 472 
76 KEX 05L022 1046.2-1048.2 Drill Hole KEX 05L022 46.58 -93.04 1046.2 1048.2 
77 KEX 05L022 1093.5-1095.5 Drill Hole KEX 05L022 46.58 -93.04 1093.5 1095.5 
78 KEX 05L022 1186.6-1188.6 Drill Hole KEX 05L022 46.58 -93.04 1186.6 1188.6 
79 KEX 05L022 1255.5-1257.5 Drill Hole KEX 05L022 46.58 -93.04 1255.5 1257.5 
80 KEX 05L022 1263-1265 Drill Hole KEX 05L022 46.58 -93.04 1263 1265 
81 KEX 05L022 263-265 Drill Hole KEX 05L022 46.58 -93.04 263 265 
82 KEX 05L022 305-307 Drill Hole KEX 05L022 46.58 -93.04 305 307 
83 KEX 05L022 355.5-357.5 Drill Hole KEX 05L022 46.58 -93.04 355.5 357.5 
84 KEX 05L022 563-565 Drill Hole KEX 05L022 46.58 -93.04 563 565 
85 KEX 05L022 635-637 Drill Hole KEX 05L022 46.58 -93.04 635 637 
86 KEX07L038 060 Drill Hole KEX07L038 46.61 -93.06 196.85 196.85 
87 KEX07L038 120 Drill Hole KEX07L038 46.61 -93.06 393.7 393.7 
88 KEX07L038 180 Drill Hole KEX07L038 46.61 -93.06 590.55 590.55 
89 KEX07L038 240 Drill Hole KEX07L038 46.61 -93.06 787.4 787.4 
90 KEX07L038 300 Drill Hole KEX07L038 46.61 -93.06 984.25 984.25 
91 KEX07L038 360 Drill Hole KEX07L038 46.61 -93.06 1181.1 1181.1 
92 KEX07L038 420 Drill Hole KEX07L038 46.61 -93.06 1377.95 1377.95 
93 KEX07L038 480 Drill Hole KEX07L038 46.61 -93.06 1574.8 1574.8 
94 KEX07L038 540 Drill Hole KEX07L038 46.61 -93.06 295.28 295.28 
95 KEX07L038 600 Drill Hole KEX07L038 46.61 -93.06 1968.5 1968.5 
96 KEX07L038 660 Drill Hole KEX07L038 46.61 -93.06 2165.35 2165.35 
97 KEX07L038 720 Drill Hole KEX07L038 46.61 -93.06 2362.2 2362.2 
62 
98 KEX07L039 060 Drill Hole KEX07L039 46.62 -93.04 196.85 196.85 
99 KEX07L039 120 Drill Hole KEX07L039 46.62 -93.04 393.7 393.7 
100 KEX07L039 180 Drill Hole KEX07L039 46.62 -93.04 590.55 590.55 
101 KEX07L039 240 Drill Hole KEX07L039 46.62 -93.04 787.4 787.4 
102 KEX07L039 293 Drill Hole KEX07L039 46.62 -93.04 961.29 961.29 
103 KEX07L039 360 Drill Hole KEX07L039 46.62 -93.04 1181.1 1181.1 
104 KEX07L039 420 Drill Hole KEX07L039 46.62 -93.04 1377.95 1377.95 
105 KEX07L039 480 Drill Hole KEX07L039 46.62 -93.04 1574.8 1574.8 
106 KEX07L039 540 Drill Hole KEX07L039 46.62 -93.04 295.28 295.28 
107 KIB-12 169-170 Drill Hole KIB-12 47.85 -93.60 169 170 
108 KIB-40 300.5-301.5 Drill Hole KIB-40 47.63 -93.84 300.5 301.5 
109 KIB-45 163.5-164.5 Drill Hole KIB-45 47.88 -93.87 163.5 164.5 
110 KIB-50 297-298 Drill Hole KIB-50 47.66 -93.60 297 298 
111 KIB-51 279-280 Drill Hole KIB-51 47.66 -94.07 279 280 
112 KIB-52 256-257 Drill Hole KIB-52 47.66 -94.17 256 257 
113 KIB-5B 154-155 Drill Hole KIB-5B 47.64 -93.33 154 155 
114 KIB-6 42-43.4 Drill Hole KIB-6 47.73 -93.48 42 43.4 
115 KIB-68 336.5-338 Drill Hole KIB-68 47.90 -94.70 336.5 338 
116 KIB-7 218.5-219.5 Drill Hole KIB-7 47.67 -93.68 218.5 219.5 
117 KIB-74 256.5-258 Drill Hole KIB-74 47.82 -94.51 256.5 258 
118 KIB-77 507-508.3 Drill Hole KIB-77 47.71 -94.44 507 508.3 
119 KIB-79 252-253.5 Drill Hole KIB-79 47.70 -94.50 252 253.5 
120 LF-2 226-229 Drill Hole LF-2 47.92 -93.04 226 229 
121 LF-5 128-131 Drill Hole LF-5 47.87 -93.02 128 131 
122 LL-1-81-8 586-588.5 Drill Hole LL-81-8 45.11 -94.68 586 588.5 
123 LV-1 365-367 Drill Hole LV-1 46.89 -94.29 365 367 
124 LV-12A 81-83 Drill Hole LV-12A 46.28 -94.64 81 83 
125 LV-13 135-136 Drill Hole LV-13 46.24 -94.80 135 136 
126 LV-14 264-265.5 Drill Hole LV-14 45.97 -95.20 264 265.5 
127 LV-4 251.5-253 Drill Hole LV-4 46.98 -94.16 251.5 253 
128 MEX-0003 186-187 Drill Hole MEX-0003 47.81 -91.70 186 187 
129 MEX-0003 2361.5-2363 Drill Hole MEX-0003 47.81 -91.70 2361.5 2363 
130 MEX-0003 2368.5-2369.5 Drill Hole MEX-0003 47.81 -91.70 2368.5 2369.5 
131 MEX-0003 284-285 Drill Hole MEX-0003 47.81 -91.70 284 285 
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132 MEX-0003 750.5-752 Drill Hole MEX-0003 47.81 -91.70 750.5 752 
133 MEX-0102 3580-3580.8 Drill Hole MEX-0102 47.80 -91.74 3580 3580.8 
134 MEX-0116 2938-2939 Drill Hole MEX-0116 47.81 -91.73 2938 2939 
135 MEX-0137M 1450-1451 Drill Hole MEX-0137M 47.81 -91.74 1450 1451 
136 MEX-0153 2217-2217.8 Drill Hole MEX-0153 47.81 -91.73 2217 2217.8 
137 MGS887 278-279.5 Drill Hole MGS887 48.49 -97.14 278 279.5 
138 MN MORT 1 Outcrop Outcrop 44.55 -94.98 0 0 
139 mnely1 Outcrop Outcrop 47.70 -92.41 0 0 
140 MNGF1 Outcrop Outcrop 44.81 -95.54 0 0 
141 MNKBL1 Outcrop Outcrop 48.40 -93.02 0 0 
142 MNLO1 Outcrop Outcrop 48.63 -94.11 0 0 
143 MNLOTW2 Outcrop Outcrop 48.96 -95.07 0 0 
144 MNMV1A Outcrop Outcrop 44.92 -95.70 0 0 
145 MNMV1B Outcrop Outcrop 44.92 -95.70 0 0 
146 MNVA2 Outcrop Outcrop 47.39 -92.54 0 0 
147 MNVA3 Outcrop Outcrop 47.59 -92.54 0 0 
148 NB-81-1 724-726 Drill Hole NB-81-1 45.09 -94.35 724 726 
149 NCB-2 220.5-224 Drill Hole NCB-2 48.59 -94.11 220.5 224 
150 NM-3 4364-4367 Drill Hole NM-3 47.80 -91.70 4364 4367 
151 NM-5 5178-5186 Drill Hole NM-5 47.79 -91.70 5178 5186 
152 NW-1 201-202 Drill Hole NW-1 48.86 -95.92 201 202 
153 NW-10 287-288.8 Drill Hole NW-10 48.27 -95.90 287 288.8 
154 NW-11 320.321.5 Drill Hole NW-11 48.30 -96.30 320 321.5 
155 NW-19 396.5-398 Drill Hole NW-19 48.00 -96.29 396.5 398 
156 NW-2 302-304 Drill Hole NW-2 48.95 -96.11 302 304 
157 NW-2 304.5-306 Drill Hole NW-2 48.95 -96.11 304.5 306 
158 NW-23 531-532.5 Drill Hole NW-23 47.87 -96.42 531 532.5 
159 NW-3 542-543 Drill Hole NW-3 48.92 -96.91 542 543 
160 NW-4B 344-345 Drill Hole NW-4B 48.78 -96.49 344 345 
161 NW-6 356-357.5 Drill Hole NW-6 48.72 -96.38 356 357.5 
162 NW-7 397.5-399 Drill Hole NW-7 48.59 -96.47 397.5 399 
163 NW-7 400.5-401.25 Drill Hole NW-7 48.59 -96.47 400.5 401.25 
164 P-11 138-139 Drill Hole P-11 46.14 -93.98 138 139 
165 P-12 231-232 Drill Hole P-12 46.14 -93.96 231 232 
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166 PL-1 389-400 Drill Hole PL-1 48.96 -96.48 389 400 
167 PL-3 171-173 Drill Hole PL-3 48.21 -95.64 171 173 
168 PL-3 173.5-175 Drill Hole PL-3 48.21 -95.64 173.5 175 
169 PLC-1 93-95 Drill Hole PLC-1 48.30 -93.04 93 95 
170 RL-1 833.5-835 Drill Hole RL-1 46.65 -93.84 833.5 835 
171 RP-1 Outcrop Outcrop 48.90 -95.08 0 0 
172 RRVD-23 415-418 Drill Hole RRVD-23 46.19 -96.50 415 418 
173 RRVD-26 391-394 Drill Hole RRVD-26 47.38 -96.64 391 394 
174 RRVD-27 218-321 Drill Hole RRVD-27 48.00 -96.90 218 321 
175 RRVD-30 374-377 Drill Hole RRVD-30 48.49 -96.69 374 377 
176 SC1A Outcrop Outcrop 45.54 -94.25 0 0 
177 SC1B Outcrop Outcrop 45.54 -94.25 0 0 
178 SDMIL-A Outcrop Outcrop 45.21 -96.52 0 0 
179 SDMIL-B Outcrop Outcrop 45.21 -96.52 0 0 
180 SJ-1 155-156 Drill Hole SJ-1 45.53 -94.28 155 156 
181 SK-1 1098-1101 Drill Hole SK-1 43.79 -95.84 1098 1101 
182 SQ-1 283-288 Drill Hole SQ-1 44.24 -94.61 283 288 
183 SQ-11 677-681 Drill Hole SQ-11 43.92 -95.34 677 681 
184 SQ-13 220-225 Drill Hole SQ-13 44.06 -94.77 220 225 
185 SQ-3A 434-439 Drill Hole SQ-3A 44.11 -94.94 434 439 
186 SQ-4 653-658 Drill Hole SQ-4 43.82 -95.19 653 658 
187 SQ-7 1097-1102 Drill Hole SQ-7 43.85 -95.99 1097 1102 
188 STAR 2 222-225 Drill Hole STAR 2 48.28 -95.68 222 225 
189 Star-1 567-570.5 Drill Hole Star-1 48.28 -95.95 567 570.5 
190 STG-1 Outcrop Outcrop 47.78 -92.83 0 0 
191 VM-1 Outcrop Outcrop 47.89 -92.19 0 0 
192 VM-10 Outcrop Outcrop 48.39 -92.92 0 0 
193 VM-11 Outcrop Outcrop 48.44 -93.05 0 0 
194 VM-2 Outcrop Outcrop 48.00 -92.83 0 0 
195 VM-3 Outcrop Outcrop 48.04 -92.97 0 0 
196 VM-4a Outcrop Outcrop 48.24 -92.48 0 0 
197 VM-4b Outcrop Outcrop 48.24 -92.48 0 0 
198 VM-5 Outcrop Outcrop 48.17 -92.52 0 0 
199 VM-6a Outcrop Outcrop 48.07 -92.67 0 0 
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200 VM-6b Outcrop Outcrop 48.07 -92.67 0 0 
201 VM-7a Outcrop Outcrop 48.19 -92.89 0 0 
202 VM-7b Outcrop Outcrop 48.19 -92.89 0 0 
203 VM-8 Outcrop Outcrop 48.34 -92.96 0 0 
204 VM-9 Outcrop Outcrop 48.40 -92.82 0 0 
205 WMP-1 Outcrop Outcrop 47.95 -92.66 0 0 
206 YGH-1 540-542 Drill Hole YGH-1 48.81 -96.34 540 542 
207 YGH-2 591.5-593.5 Drill Hole YGH-2 48.81 -96.31 591.5 593.5 
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(Columns 8-15) 
 County Intrusion Rock_Type U Th K Q est. 
Conduc-
tivity 
1 Todd Unnamed Granite 0.00 42.45 3.14 69.03 3.01 
2 Cass Unnamed Diorite 0.69 0.57 0.90 35.70 2.93 
3 Wadena Unnamed Granite 0.49 8.72 2.04 42.77 2.12 
4 Wadena Unnamed 
Brecciated 
Leucotonalite 0.94 6.78 2.31 42.59 1.79 
5 Todd Unnamed 
Metamorphosed 
Hornblende 
Tonalite/Diorite 0.35 1.55 0.95 35.71 2.65 
6 Douglas Unnamed 
Biotite Hornblende 
Granodiorite 0.82 3.91 1.13 38.82 2.57 
7 Douglas Unnamed 
Gneissic Biotite 
Hornblende Tonalite 0.25 2.65 0.97 36.36 2.51 
8 
Lake of the 
Woods 
Baudette 
Intrusion Porphoryritc Syenite 0.39 1.93 4.55 39.88 1.60 
9 
Lake of the 
Woods 
Baudette 
Intrusion Gneissic Tonalite 0.22 2.37 0.87 35.96 2.88 
10 Roseau Unnamed Granodiorite 0.60 0.85 0.84 35.64 2.68 
11 Koochiching Unnamed Granodiorite 0.39 1.18 3.08 37.76 3.57 
12 Stevens Unnamed Biotite Gneiss 0.08 6.70 1.88 40.08  
13 Stevens Unnamed Foliate Biotite Granite 2.09 5.52 1.80 43.73 2.27 
14 Big Stone 
Ortonville 
Granite Granite 4.71 16.31 3.23 59.71 3.26 
15 Pope Unnamed Tonalitic Gneiss 0.40 25.36 3.04 56.56 1.89 
16 Pope Unnamed Tonalitic Gneiss 0.76 13.46 1.67 46.70 2.15 
17 Sterns Unnamed 
Biotite Hornblende 
Granite 0.94 5.97 1.50 41.12 2.35 
18 Aitkin 
Mille Lacs 
Lake Granite Granite 3.90 21.09 3.20 61.52 3.32 
19 Aitkin 
McGrath 
Gneiss Granitic Augen Gneiss 0.28 9.62 2.95 43.95 1.67 
20 Koochiching Unnamed Chloritized Diorite 0.49 0.48 0.36 34.59 2.93 
21 Koochiching Unnamed Granodiorite 0.08 0.84 0.58 32.70 1.47 
22 Koochiching Unnamed Granodiorite 0.14 1.47 0.74 34.94 1.89 
23 Koochiching Unnamed Foliated Monzonite 0.37 1.54 0.78 35.57  
24 Meeker 
Rockville 
Granite Diorite 0.19 0.03 0.01 33.19 1.98 
25 Filmore Unnamed Amphibolitic Gneiss 0.86 1.36 1.16 36.97 1.94 
26 Koochiching Unnamed Monzodiorite 0.73 0.56 0.79 35.66 1.85 
27 Koochiching Unnamed Quartz Diorite 0.43 2.60 0.66 36.41 1.76 
28 Itasca Unnamed Monzodiorite 0.36 1.07 0.88 35.30 2.71 
29 Itasca Unnamed Granite 0.31 1.17 1.49 35.90 2.36 
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30 Itasca Unnamed Quartz Monzodiorite 0.13 2.01 1.05 35.68 1.79 
31 Todd Unnamed 
Biotitic Gneissic 
Tonalite 1.32 10.52 1.67 45.70 2.78 
32 Todd Unnamed Diorite 0.76 2.64 1.27 37.84 2.78 
33 Otter Tail Unnamed Hornblende Diorite 0.28 0.00 0.41 33.77 2.45 
34 St. Louis 
Rice River 
Pluton Hornblende Diorite 2.38 8.82 2.83 48.06 1.71 
35 St. Louis 
Morcom 
Pluton Monzonite 0.55 1.96 2.47 38.10 2.26 
36 Stearns 
Richmond 
Charnokitic 
Granite 
Charnokitic Granite 
(weathered) 0.38 4.42 3.08 40.25 1.82 
37 Benton 
Watab 
Quartz 
Diorite 
Biotite Hornblende 
Diorite 0.60 2.10 0.80 36.56 2.15 
38 Mille Lacs Pease Pluton Granite 3.15 5.87 2.18 46.86 2.57 
39 Benton 
Foley 
Granite Porphoryritic Granite 3.64 14.63 3.43 56.13 3.06 
40 Benton 
Glendorado 
Pluton 
Biotite Hornblende 
Granodiorite 1.43 7.58 2.76 44.82 2.44 
41 Benton 
Glendorado 
Pluton Granite 2.32 3.15 3.10 43.78 2.87 
42 Sherburne 
Tonalitic 
Orthogneiss Tonalitic Orthogneiss 0.21 0.88 1.59 35.55 2.85 
43 Morrison 
Foley 
Granite Biotite Granite 2.03 10.18 2.32 47.78 2.94 
44 Sherburne 
Reformatory 
Granite Granite 0.86 4.64 1.42 39.81 2.28 
45 Sherburne 
Granite (in 
Archean 
Gneiss) Granite 0.80 3.29 2.22 39.46 2.65 
46 Sherburne 
Reformatory 
Granite Granodiorite 2.41 3.53 1.22 42.33 2.44 
47 Morrison Pease Pluton Granite 1.16 10.58 3.35 47.14 2.40 
48 Morrison Pease Pluton Porphoryitic Granite 0.74 0.97 2.54 37.85 3.00 
49 Morrison 
Hillman 
Migmatite 
Granite Migmatite 
Mixture 1.89 4.54 1.49 42.18 2.49 
50 Kanabec 
Foley 
Granite Granite 1.16 4.47 1.67 40.62 1.98 
51 Chippewa 
Montevideo 
Gneiss Tonalitic Gneiss 0.56 7.68 1.63 41.70 2.75 
52 
Yellow 
Medicine 
Montevideo 
Gneiss 
Hornblende-Biotite 
Gneiss with 
Amphibolite pods 0.07 0.00 0.03 32.89 1.68 
53 Redwood 
Sacred Heart 
Granite 
Weakly Foliated Biotite 
Granite 0.22 8.70 2.69 42.81 2.80 
54 Renville 
Sacred Heart 
Granite 
Weakly Foliated Biotite 
Granite 0.13 5.84 1.99 39.64 2.72 
55 Redwood 
Morton 
Gneiss 
Biotite-Biotite Gneiss 
with Amphibolite pods 0.72 1.97 0.56 36.48  
56 Redwood 
Morton 
Gneiss 
Pegmatitic phase of 
Morton Gneiss 0.78 2.03 0.79 36.91 2.90 
57 Renville 
Morton 
Gneiss 
Granitic Phase of 
Morton Gneiss 3.09 8.55 2.46 49.11 3.13 
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58 Renville 
Morton 
Gneiss Biotite-Biotite Gneiss 1.20 2.05 0.88 38.00 2.84 
59 Stearns 
St. Cloud 
Granite 
Biotite-Biotite Granite 
"Old Gray" 1.31 2.42 2.01 39.75 1.88 
60 Sherburne 
Rockville 
Granite Hornblende Granite 2.45 5.04 4.28 46.80 2.80 
61 Stearns 
Richmond 
Charnokitic 
Granite 
Charnokitic Granite 
(orthopyroxene-
bearing) 0.24 3.63 3.01 39.24 2.32 
62 Benton 
St. Cloud 
Granite 
Porphyritic Hornblende 
Granite 3.06 23.61 3.07 61.40 3.04 
63 Morrison 
Freedham 
Granodiorite Granodiorite 1.53 6.54 1.57 42.98 2.04 
64 Mille Lacs 
Bradbury 
Creek 
Granodiorite Granodiorite 2.07 6.98 1.32 44.32 2.83 
65 Pine 
Warman 
Granite Biotite Granite 2.17 4.28 1.59 42.74 2.35 
66 Aitkin 
McGrath 
Gneiss Biotite Gneiss 0.35 2.75 3.15 38.95 2.27 
67 St. Louis 
Giants 
Range 
Batholith Foliated Granite 0.14 2.19 0.79 35.55 2.86 
68 St. Louis 
Shannon 
Lake Granite 
of GRB 
Medium to Coarse 
Grained Pink Granite 6.21 3.81 0.43 50.51 2.57 
69 St. Louis 
Shannon 
Lake Granite 
of GRB 
Weakly Foliated 
Granodiorite 0.82 2.57 2.05 38.75  
70 St. Louis 
Giants 
Range 
Batholith Hornblende Granite 0.69 6.20 2.45 41.69 2.61 
71 Becker Unnamed Monzodiorite 1.87 5.84 1.75 43.42 2.35 
72 Otter Tail Unnamed 
Potassium 
Metasomatized Granite 3.04 15.90 3.42 55.73 3.19 
73 Otter Tail Unnamed Pegmatitic Granite 2.27 2.31 3.31 43.24 3.19 
74 St. Louis 
Iddington 
Pluton Monzodiorite 1.14 1.62 2.76 39.50 2.63 
75 Roseau 
Roseau 
River 
Batholith Gneissic Tonalite 1.22 2.23 1.23 38.55 2.54 
76 Carlton 
Tamarack 
Intrusion 
Tamarack int = biotitic 
norite 0.01 0.10 0.00 32.79 2.19 
77 Carlton 
Tamarack 
Intrusion Tamarack int = gabbro 0.52 1.95 0.60 36.06 2.50 
78 Carlton 
Tamarack 
Intrusion 
Tamarack int = 
Monzogabbro 0.22 3.75 0.71 36.87 2.37 
79 Carlton 
Tamarack 
Intrusion 
Tamarack int = 
Monzogabbro 0.05 0.75 0.28 33.70 3.18 
80 Carlton 
Tamarack 
Intrusion 
Tamarack int = 
Monzogabbro w/20% 
granophyre 1.16 4.84 1.37 40.59 2.14 
81 Carlton 
Tamarack 
Intrusion 
Thomson Fm = well-
cleaved argillite 3.13 5.67 2.07 46.55 2.21 
82 Carlton 
Tamarack 
Intrusion 
Thomson Fm = 
greywacke and siltstone 1.69 4.27 2.00 42.04 2.49 
83 Carlton 
Tamarack 
Intrusion 
Thomson Fm = massive 
flow/sill?? 0.42 1.26 0.00 34.67 2.53 
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84 Carlton 
Tamarack 
Intrusion 
Thomson Fm = 
greywacke w/mudstone 0.96 3.20 0.41 37.85 1.92 
85 Carlton 
Tamarack 
Intrusion 
Thomson Fm = well-
cleaved mixed 
sediments 1.33 5.57 1.95 42.18 2.37 
86 Carlton 
Tamarack 
Intrusion Feldspathic Peridotite -- -- -- -- 2.45 
87 Carlton 
Tamarack 
Intrusion Granophyre -- -- -- -- 2.46 
88 Carlton 
Tamarack 
Intrusion 
Epidote Altered 
Granophyre -- -- -- -- 1.97 
89 Carlton 
Tamarack 
Intrusion 
Melatroctolite - 
Serpentinized -- -- -- -- 1.83 
90 Carlton 
Tamarack 
Intrusion 
Epidote Altered 
Melatroctolite -- -- -- -- 1.79 
91 Carlton 
Tamarack 
Intrusion 
Melatroctolite -  
Weakly Serpentinized -- -- -- -- 1.78 
92 Carlton 
Tamarack 
Intrusion Troctolite -- -- -- -- 2.22 
93 Carlton 
Tamarack 
Intrusion Peridotite -- -- -- -- 1.92 
94 Carlton 
Tamarack 
Intrusion 
Peridotite - 
Serpentinized -- -- -- -- 2.81 
95 Carlton 
Tamarack 
Intrusion 
Peridotite - Weakly 
Serpentinized -- -- -- -- 3.09 
96 Carlton 
Tamarack 
Intrusion Peridotite -- -- -- --  
97 Carlton 
Tamarack 
Intrusion Peridotite -- -- -- -- 3.77 
98 Carlton 
Tamarack 
Intrusion 
Thomson Fm = 
greywacke and siltstone -- -- -- -- 2.72 
99 Carlton 
Tamarack 
Intrusion 
Thomson Fm = massive 
flow/sill?? -- -- -- -- 3.15 
100 Carlton 
Tamarack 
Intrusion Granophyre -- -- -- -- 1.98 
101 Carlton 
Tamarack 
Intrusion Granophyre -- -- -- -- 1.81 
102 Carlton 
Tamarack 
Intrusion 
Fine Grained 
Melatroctolite -- -- -- -- 1.51 
103 Carlton 
Tamarack 
Intrusion 
Oxide-Bearing 
Melatroctolite -- -- -- -- 2.11 
104 Carlton 
Tamarack 
Intrusion Melatroctolite -- -- -- -- 2.22 
105 Carlton 
Tamarack 
Intrusion Feldspathic Peridotite -- -- -- -- 2.66 
106 Carlton 
Tamarack 
Intrusion Feldspathic Peridotite -- -- -- -- 2.59 
107 Itasca Effie Pluton Luecogranodiorite 0.01 0.83 1.24 34.67 3.26 
108 Itasca 
Bello Lake 
Pluton Monzonite -- -- -- -- 2.17 
109 Koochiching Unnamed Granodiorite 0.16 0.80 1.02 34.76 2.20 
110 Itasca Unnamed Granite 7.99 63.79 2.86 103.87 2.36 
111 Itasca Unnamed 
Hornblende Quartz 
Diorite 0.47 1.65 0.41 35.50 3.08 
112 Itasca Unnamed 
Hornblende Quartz 
Diorite 0.38 0.94 0.84 35.19 2.74 
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113 Itasca Unnamed Quartz Diorite 0.00 0.04 0.48 33.24 3.01 
114 Itasca 
Coon Lake 
Pluton Syenite 0.35 4.10 3.49 40.38 2.12 
115 Beltrami Unnamed Quartz Diorite 0.74 5.26 1.59 40.17 2.38 
116 Itasca 
Bello Lake 
Pluton Monzonite 1.75 6.00 2.11 43.64 2.55 
117 Beltrami Unnamed Granodiorite 1.19 0.52 1.30 37.22 1.66 
118 Beltrami 
Decker Lake 
Pluton Hornblende Granite 0.51 1.09 1.17 35.95 2.66 
119 Beltrami 
Decker Lake 
Pluton 
Hornblende 
Monzodiorite 0.24 3.81 2.94 39.30  
120 St. Louis 
Linden 
Pluton 
Foliated Quartz 
Monzonite 1.52 8.31 8.44 51.55 2.18 
121 St. Louis 
Linden 
Pluton 
Chloritized 
Granodiorite 0.52 4.00 3.65 40.85 2.20 
122 Meeker 
Rockville 
Granite Diorite 0.59 3.90 0.53 37.67 2.05 
123 Cass Unnamed Granitic Gneiss 0.14 0.85 0.77 34.51 2.79 
124 Morrison Unnamed Granite 0.99 22.62 3.53 56.30 1.98 
125 Todd Unnamed 
Epidotized Gneissic 
Leucotonalite 0.68 1.10 0.97 36.15 2.04 
126 Douglas Unnamed 
Biotite Hornblende 
Tonalite 0.82 3.19 1.52 38.67 2.44 
127 Cass Unnamed Biotitic Leucogranite 1.33 19.19 4.29 55.22 3.05 
128 Lake 
Duluth 
Complex ATA Series 0.00 0.00 0.00 32.70 1.92 
129 Lake 
Duluth 
Complex 
AN Series = 
Anorthosite 0.40 0.69 0.40 34.59 1.40 
130 Lake 
Duluth 
Complex AN Series = Gabbro 0.42 1.29 0.51 35.21 1.86 
131 Lake 
Duluth 
Complex Upper Basalt 0.14 0.08 0.00 33.08 2.12 
132 Lake 
Duluth 
Complex Upper Gabbro 0.14 0.00 0.00 33.03 1.73 
133 Lake 
Giants 
Range 
Batholith Giants Range Batholith 0.20 1.60 1.56 36.05 2.07 
134 Lake 
Giants 
Range 
Batholith Giants Range Batholith 0.67 15.11 2.29 48.42 2.63 
135 Lake 
Duluth 
Complex BMZ = Melatroctolite 0.32 0.00 0.09 33.53 1.38 
136 Lake 
Giants 
Range 
Batholith Giants Range Batholith 0.23 2.06 2.26 37.20 1.96 
137 Marshall Unnamed Granite 0.00 0.00 0.00 32.70 2.88 
138 Renville Unnamed Gneissic 1.78 2.83 3.72 42.94 2.75 
139 St. Louis Unnamed Mafic 0.03 0.75 0.83 34.22 2.74 
140 
Yellow 
Medicine Unnamed Granitic 0.10 0.05 0.04 33.02 1.92 
141 St. Louis Unnamed Granitic 0.64 14.04 1.89 47.09 2.90 
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142 Koochiching Unnamed Granitic 1.22 8.50 2.41 44.67 2.80 
143 
Lake of the 
Woods Unnamed Granitic 0.15 0.36 0.61 33.97 3.33 
144 Chippewa Unnamed Gneiss 1.90 8.90 1.85 45.98 2.26 
145 Chippewa Unnamed Gneiss 1.34 6.89 1.80 43.08 2.26 
146 St. Louis Unnamed Mafic 0.07 1.06 0.84 34.58 2.80 
147 St. Louis Unnamed Mafic 0.03 0.13 0.31 33.20 2.44 
148 Meeker 
Rockville 
Granite Granodiorite 0.45 1.54 0.26 35.22 1.99 
149 Koochiching 
Birchdale 
Intrusion Granite 1.01 5.11 3.00 42.18 3.09 
150 Lake 
Giants 
Range 
Batholith Hornblende Granite 0.38 1.15 1.61 36.16  
151 Lake 
Giants 
Range 
Batholith Granodiorite -- -- -- -- 1.44 
152 Roseau 
Roseau 
River 
Batholith Gneissic Tonalite 0.75 2.83 2.32 39.09 2.95 
153 Marshall Unnamed Monzodiorite 1.39 6.30 1.59 42.51 2.70 
154 Marshall Unnamed Tonalite 0.54 2.21 1.30 37.03 2.71 
155 Pennington Unnamed Granodiorite 0.73 2.12 1.77 37.92 2.71 
156 Roseau Unnamed Granite 0.25 3.30 3.47 39.50 3.15 
157 Roseau Unnamed 
Hornblende Biotite 
Gneiss 0.30 10.81 2.07 43.98 3.41 
158 Red Lake 
Red Lake 
Falls Pluton Granodiorite 0.11 2.70 0.79 35.88 3.07 
159 Kittson 
Roseau 
River 
Batholith Gneissic Tonalite 0.00 141.40 3.14 146.03 3.06 
160 Kittson Unnamed Granodiorite 0.56 2.10 1.82 37.54 2.51 
161 Roseau Unnamed Hornblende Diorite 0.11 0.00 0.00 32.96 2.56 
162 Kittson Unnamed Granodiorite 1.88 20.48 2.87 56.02 2.64 
163 Kittson Unnamed 
Pegmatite in 
Granodiorite 2.38 1.37 1.70 41.07 2.56 
164 Morrison Unnamed 
Hornblende Biotite 
Gneiss 0.33 3.52 1.21 37.46 2.35 
165 Morrison Unnamed Biotite Gneiss 0.19 4.84 0.67 37.61 3.39 
166 Kittson 
Roseau 
River 
Batholith Monzodiorite 0.48 2.25 1.26 36.89 2.31 
167 Marshall 
Grygla 
Pluton 
Coarse Grained 
Hornblende Granite 0.67 2.21 1.37 37.42 2.68 
168 Marshall 
Grygla 
Pluton 
Medium Grained 
Hornblende Granite 0.79 1.31 1.63 37.27 2.76 
169 St. Louis 
Vermillion 
Massif 
Weakly Foliated 
Granite 3.76 2.06 2.89 46.06 2.74 
170 Crow Wing Unnamed Tonalite 1.15 5.52 1.20 40.91 1.75 
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171 
Lake of the 
Woods 
WG Unit 
(Day) Granodiorite 0.32 3.18 0.82 36.79 3.09 
172 Wilkin Unnamed Granodiorite 0.24 0.23 0.76 34.22 2.47 
173 Norman Unnamed Biotite Granite 0.21 1.02 0.85 34.87 2.22 
174 Polk 
Snake River 
Batholith Tonalite-Granodiorite 0.30 0.30 0.68 34.34 2.62 
175 Marshall 
Florian 
Batholith Foliate Granodiorite 0.07 0.42 0.52 33.75 2.82 
176 Stearns Unnamed Granitic 2.29 5.97 1.19 43.91 2.65 
177 Stearns Unnamed Granitic 3.01 9.54 3.94 51.26 2.65 
178 Grant (SD) Unnamed Granitic 0.00 14.75 2.96 47.28 2.60 
179 Grant (SD) Unnamed Granitic 0.23 18.25 3.13 50.73 2.60 
180 Stearns 
Rockville 
Granite Granite (weathered) 1.25 5.45 2.84 42.83 1.79 
181 Nobles Unnamed Diorite 0.25 2.24 0.55 35.61 2.47 
182 Brown Unnamed 
Weakly Foliated 
Hornblende Granite 0.61 5.66 2.05 40.68 2.12 
183 Cottonwood Jeffers Block Granitic Gneiss 0.38 2.12 2.86 38.24 2.53 
184 Watonwan Unnamed 
Foliated Hornblende 
Granite 0.60 3.97 2.95 40.29 1.69 
185 Cottonwood Unnamed Granitic Gneiss 0.01 26.59 3.02 56.58 2.42 
186 Jackson Jeffers Block Granitic Gneiss 0.00 3.33 0.94 36.28 2.51 
187 Murray Unnamed Granitic Gneiss 5.17 18.81 0.26 59.61  
188 Marshall 
Grygla 
Pluton Tonalite-Granodiorite 0.38 0.96 0.19 34.53 2.37 
189 Marshall  
Foliated Hornblende 
Monzonite 0.86 2.73 0.80 37.68 3.11 
190 St. Louis 
Sturgeon 
Granite Biotite Granite 1.01 12.73 2.70 47.79 2.42 
191 St. Louis 
Vermillion 
Massif Fine Grained Diorite 1.37 5.01 1.28 41.13 2.39 
192 St. Louis 
Vermillion 
Massif Pink Granite 0.69 2.37 2.96 39.25 2.87 
193 St. Louis 
Kenora-
Kabatogama 
Dike Swarm Gabbro 0.31 1.02 0.32 34.54 3.13 
194 St. Louis 
Vermillion 
Massif Granitic Migmatite 0.27 2.34 2.92 38.22 1.84 
195 St. Louis 
Vermillion 
Massif Lac La Croix Granite 1.12 5.78 1.74 41.63 2.41 
196 St. Louis 
Vermillion 
Massif Amphibolite 1.71 3.54 1.25 40.73 3.23 
197 St. Louis 
Vermillion 
Massif Granite 1.38 11.17 4.36 49.16 2.41 
198 St. Louis 
Vermillion 
Massif Granite 0.17 8.91 1.85 41.98 3.19 
199 St. Louis 
Vermillion 
Massif Granite -- -- -- -- 1.97 
200 St. Louis 
Vermillion 
Massif Schist -- -- -- -- 2.95 
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201 St. Louis 
Vermillion 
Massif Granite 3.20 14.64 4.10 55.83 1.97 
202 St. Louis 
Vermillion 
Massif Schist 2.07 9.67 3.21 48.40 2.48 
203 St. Louis 
Vermillion 
Massif Granite 1.44 4.35 1.01 40.48 3.14 
204 St. Louis 
Vermillion 
Massif Pink Gneissic Granite 0.29 8.82 3.07 43.46 2.50 
205 St. Louis 
Wakem Up 
Pluton Schistose Diorite 1.28 4.00 1.09 39.94 2.63 
206 Roseau Unnamed Diorite 0.43 3.24 0.91 37.18 2.45 
207 Roseau Unnamed Diorite 0.08 1.21 0.79 34.66  
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Appendix B 
Temperature at Depth (4-10 km), Conductivity, and Sediment Thickness Maps. 
 
 
 
 
Figure 29. Temperature map of Minnesota at a depth of 4 kilometers. 
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Figure 30. Temperature map of Minnesota at a depth of 5 kilometers. 
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Figure 31. Temperature map of Minnesota at a depth of 6 kilometers. 
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Figure 32. Temperature map of Minnesota at a depth of 7 kilometers. 
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Figure 33. Temperature map of Minnesota at a depth of 8 kilometers. 
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Figure 34. Temperature map of Minnesota at a depth of 9 kilometers. 
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Figure 35. Temperature map of Minnesota at a depth of 10 kilometers. 
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Figure 36. Thermal conductivity map of Precambrian bedrock in Minnesota. 
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Figure 37. Depth to Precambrian bedrock. Overburden consists of glacial till and 
sedimentary rocks. 
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